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Abstract 
 

Abstract 
The present study investigates the deformation behavior of the extruded magnesium alloys 
ME21, WE54, L4 and LA41. Altering the extrusion parameters billet temperature, extrusion 
ratio and cooling medium as well as post extrusion heat treatments enabled the generation of 
materials featuring different grain sizes, textures, precipitate and solute contents.  

In order to assess their effect on the deformation behavior, the initial condition as well as 
deformed materials were characterized using optical microscopy, scanning electron micros-
copy including ex-situ and in-situ EBSD investigations, transmission electron microscopy, 
laboratory X-ray diffraction, in-situ energy-dispersive X-ray synchrotron diffraction during 
loading and in-situ TOF neutron diffraction during heat treatments as well as elastoplastic 
self-consistent modeling. The combination of these complementary techniques enabled the 
interpretation of the very different deformation behavior of the investigated alloys.  

By applying different extrusion parameters and heat treatments within the temperature range 
from 475 °C to 550 °C a variety of textures can be produced within the ME21 extrusions.  
550 °C heat treatments enable the generation of remarkably high elongations to failure in 
compression, which were explained by an enhanced rare earth texture and concurrent op-
timum grain size and precipitate distributions. Compression tests parallel to the extrusion di-
rection result in the extensive activation of �101�2�<101�1�> tension twinning in this alloy.  

In contrast the WE54 extrusions feature very weak textures and a very low �101�2�<101�1�> 
tension twinning activity particularly in as-extruded conditions. In this case the alloying ele-
ments are almost completely retained in solid solution. Post extrusion heat treatments re-
sulting in the generation of precipitates within the grains or at grain boundaries substantially 
increase the tension twinning activity through the reduction of the solute concentrations. In 
addition, it was found that plate-shape precipitates on the �101�0�α planes harden <a> basal 
slip more than the other slip systems. 

Deviating from conventional magnesium extrusions the L4 and LA41 alloys feature a re-
markably low tension-compression yield asymmetry. In addition, the compression yield 
strength is higher than the tensile yield strength indicating a significant hardening of tension 
twin formation through solute Li. In addition, secondary �101�1�<101�2�> compression twinning 
(CTW-ing) and tertiary �101�1�-�101�2� double twinning (DTW-ing) are remarkably active in the 
Li based alloys. A pronounced double twin variant selection was observed and analyzed 
using EBSD and (HR-)TEM. In-situ EBSD analysis tracking the transition from a secondary 
CTW into a DTW showed a very slow propagation of a secondary CTW, while the tertiary 
DTWs propagate substantially faster once nucleated. (HR-)TEM analysis displays an 
important basal slip activity and many basal stacking faults within the primary tension twin 
and the secondary compression twin. Additionally, the HR-TEM investigations revealed a 
high number of basal dislocations in the vicinity of the compression twin to double twin 
transition providing strong evidence of a relation between the observed predominance of 
type 1 double twins and the dissociation of extended basal dislocations. The analysis of 
extrusions featuring different grain sizes, but similar textures, revealed a strong grain size 
dependence of compression twinning and double twinning, where grain refinement appears 
to hinder compression twinning more than tension twinning. However, the compression twin 
to double twin transition was found to be insensitive to the grain size.  
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Kurzfassung 
 

Kurzfassung 
Die vorliegende Arbeit untersucht das Verformungsverhalten der stranggepressten und wär-
mebehandelten Magnesiumknetlegierungen ME21, WE54, L4 und LA41. Durch die Variation 
der Strangpressparameter Bolzeneinsatztemperatur, Pressverhältnis und Abkühlmedium so-
wie nachgeschaltete Wärmebehandlungen konnten die Korngröße, die Texturen sowie der 
Ausscheidungs- und Lösungszustand in weiten Grenzen eingestellt werden. Die Produkte 
wurden mittels Lichtmikroskopie, Rasterelektronenmikroskopie (inkl. ex-situ und in-situ EBSD 
Untersuchungen), Transmissionselektronenmikroskopie, Röntgendiffraktion, in-situ energie-
dispersiver Synchrotron Röntgen- und in-situ TOF Neutronendiffraktion sowie elastoplastic 
self-consistent Simulationen untersucht, um den Einfluss der obengenannten mikrostruktu-
rellen Parameter auf das Verformungsverhalten zu analysieren.  

Wärmebehandlungen bei Temperaturen zwischen 475 °C und 550 °C ermöglichen es im 
Falle der ME21 Legierung eine Vielzahl unterschiedlicher Texturen einzustellen. Dabei füh-
ren insbesondere 550 °C Wärmebehandlungen zu außergewöhnlich hohen Bruchdehnungen 
im Druckversuch, die durch die verstärkte Seltene Erden Textur und optimale Korngrößen- 
und Ausscheidungsverteilungen zu erklären sind. Im Druckversuch parallel zur Strangpress-
richtung weist diese Legierung eine hohe �101�2�<101�1�> Zugzwillingsaktivität auf.  

Im Gegensatz dazu zeichnen sich die WE54 Strangpressprodukte durch sehr schwache Tex-
turen und eine sehr niedrige Zugzwillingsaktivität aus, wobei die Legierungselemente im 
stranggepressten Zustand vorwiegend im Mischkristall gelöst vorliegen. Durch nachgelagerte 
Wärmebehandlung kommt es zur Bildung von Ausscheidungen in den Körnern oder an den 
Korngrenzen, die mit einer deutlich erhöhten Zugzwillingsaktivität einhergeht. Die durch-
geführten Untersuchungen haben gezeigt, dass die verstärkte Zugzwillingsaktivität auf die 
reduzierten Lösungselementkonzentrationen, die durch die Ausscheidungsbildung hervorge-
rufen werden, zurückzuführen ist. Des Weiteren konnte gezeigt werden, dass plattenförmige 
Ausscheidungen auf �101�0�α Ebenen insbesondere die basale <a> Gleitung behindern.  

Die Legierungen L4 und LA41 weisen eine wesentlich geringere Zug-Druck-Asymmetrie als 
die meisten Magnesiumlegierungen auf. Dabei ist die Druckfließgrenze geringfügig höher als 
die Zugfließgrenze, was auf eine deutlich verfestigte Zugzwillingsbildung durch gelöstes 
Lithium hinweist. Zusätzlich wurden in dieser Legierung eine hohe Aktivität von sekundären 
�101�1�<101�2�> Druckzwillingen (CTW) und tertiären �101�1�-�101�2� Doppelzwillingen (DTW) 
sowie eine ausgeprägte Dominanz der DTW Variante “Typ 1” beobachtet. Mittels in-situ 
EBSD Messungen konnte der Übergang von einem CTW in einen DTW verfolgt und das 
deutlich schnellere Wachstum des internen Zugzwillings (TTW) gegenüber dem langsamen 
Wachstum des CTWs gezeigt werden. Durch den Einsatz von (HR-)TEM Untersuchungen 
konnte eine starke Aktivität der basalen Gleitung sowie eine Vielzahl von basalen Stapel-
fehlern im primären TTW und im sekundären CTW beobachtet werden. Des Weiteren 
zeigten HR-TEM Analysen im Umfeld des CTW-DTW-Übergangs eine hohe Anzahl von 
basalen Versetzungen, was auf einen Zusammenhang zwischen der Dissoziation basaler 
Versetzungen und der Vorherrschaft der Typ 1 DTW Variante hinweist. Die Untersuchung 
von Strangpressprodukten, die ähnliche Texturen aber signifikant unterschiedliche Korn-
größen aufweisen, hat eine starke Korngrößenabhängigkeit der Druckzwillingsbildung und 
der Doppelzwillingsbildung nachgewiesen, wobei die Druckzwillingsbildung eine stärkere 
Korngrößenabhängigkeit als die Zugzwillingsbildung zeigt. Darüber hinaus scheint Korn-
feinung den Übergang von sekundären Druckzwillingen zu tertiären Doppelzwillingen nur 
wenig zu beeinflussen.  
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Introduction 

1. Introduction 
Mg and its alloys, featuring the lowest density (1.74 gcm-3) of the structural metals [Kam00], 
are attractive for lightweight applications and therefore, have received continuous interest 
during the past several decades. In addition, Mg is the 7th most abundant element in the 
earth’s crust [Kam00, Pek13] and its recyclability [Fri06, Fec13] could facilitate a wide 
application of Mg alloys. While Mg castings nowadays are frequently applied, Mg wrought 
alloys still are seldom used for industrial applications [Boh07b]. However, to exploit the full 
weight-saving capacity of Mg parts, wrought alloys are required as they usually exhibit 
improved mechanical properties such as higher strength and ductility than cast alloys 
[Pek13]. The application of Mg wrought alloys is restricted by their limited room temperature 
formability, which is related to the complex deformation behavior of hexagonal close packed 
Mg alloys involving several slip and twin modes. The combination of these manifold 
deformation modes and the typical crystallographic textures, which are introduced during 
forming processes, commonly result in a pronounced anisotropy of the mechanical properties 
[Pek13].  

Alloy development and process design allow reducing the anisotropy via tailoring the texture 
and promoting or hindering the activation of individual deformation modes. The latter can be 
achieved through texture modification (e.g. [Geh05, Boh07a, Sta08b, Sta08c, Gal13, 
Len13]), grain refinement (e.g. [Bar04, Bar08b, Pek13]), precipitates (e.g. [Nie03, Sta09, 
Rob10, Nas14, Rob14]) or solutes (e.g. [Kel68, Agn01, Agn02, Sta14, Sta15]), which in turn 
are related to the alloying elements and the processing. In addition, these parameters are 
often interconnected. For instance the generation of precipitates will at the same time reduce 
the solute concentration in the Mg matrix. Consequently, a profound understanding of the 
relations between each processing parameter and the resulting microstructure as well as 
between each microstructural parameter and the mechanical properties is required to take 
full advantage of the high specific strength (𝑌𝑌𝑌𝑌 𝜌𝜌⁄  or 𝑈𝑈𝑌𝑌 𝜌𝜌⁄ ) and specific stiffness (𝐸𝐸 𝜌𝜌⁄ , 𝐸𝐸 𝜌𝜌2⁄ , 
𝐸𝐸 𝜌𝜌3⁄ ), with 𝑌𝑌𝑌𝑌, 𝑈𝑈𝑌𝑌, 𝐸𝐸 and 𝜌𝜌 being the yield strength, the ultimate strength, the Young’s 
modulus and the density.  

Therefore, the present study analyzes the effect of the extrusion parameters (billet tempera-
ture, extrusion ratio and cooling rate) and of post-extrusion heat treatments on the 
microstructural development and the resulting mechanical properties of Mg-Mn-Ce (ME21) 
Mg-Y-Nd (WE54), Mg-Li (L4) and Mg-Li-Al (LA41) alloys. The alloys are denominated 
following the ASTM norm (cf. [Kam00, Kai03]). This alloy selection enables the analysis of 
the effects of the texture through alloying rare earth elements (ME21, WE54), of precipitates 
(ME21, WE54), of solutes (WE54, L4, LA41) and of the grain size (ME21, WE54, L4, LA41). 
Through the careful examination of the initial and the deformed microstructure using optical 
microscopy, scanning electron microscopy, electron backscatter diffraction, transmission 
electron microscopy, X-ray diffraction and in-situ energy-dispersive X-ray synchrotron diffrac-
tion experiments during loading as well as elastoplastic self-consistent (EPSC) modelling, the 
above-mentioned effects on the activity of the individual deformation modes were evaluated.  
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2. Literature review 

2.1 Magnesium and its deformation mechanisms 
Mg and the majority of its alloys feature a hexagonal closed packed lattice (hcp; space 
group: P63/mmc; Fig 2.1) [JCP00], where atoms are located at the atomic coordinates 
(0, 0, 0) and (1/3, 2/3, 1/2). The c/a ratio of pure Mg is ≈ 1.623 (a ≈ 3.209 nm, c ≈ 5.211 nm) 
[Kam00, JCP00] and can be modified through alloying [Hau56, Als09].  

 
Fig 2.1: Hexagonal close packed lattice. 

Typically, a 4-axes coordinate system is used with 3 a-axes lying in the hexagonal basal 
plane and 1 c-axis, which is aligned parallel to the basal plane normal. Accordingly, planes 
are usually denominated using Miller-Bravais-Indices (hkil) and directions using <uvtw>. 

2.1.1 Stacking fault energy of Mg 
The c/a ratio of Mg results in a larger primitive cell volume compared to other hcp metals, 
which in turn leads to small stacking fault energies (SFE). Stacking faults are planar defects 
bounded by partial dislocations, which can be generated during growth processes or defor-
mation. Extrinsic stacking faults result from an extra layer of atoms being introduced, while 
intrinsic stacking faults are due to vacancy condensation. In Mg the intrinsic stacking faults I1 
(…ABABCBCB…), I2 (…ABABCACA…) and the extrinsic stacking faults E (…ABAB 
CABAB…) as well as a twin-like stacking fault T (…ABABCBABABA…) occur [Pek13].  

Generally, SFE values control twinning, ease of climb, cross-slip of dislocation and conse-
quently work hardening. The activation energies of these processes are inversely correlated 
to the SFE, where decreasing fault energies correspond to increasing activation energies. 
Furthermore, high SFE values lead to smaller dislocation-cores and facilitate dislocation mo-
tion. Table 2.1 summarizes the SFE for different types of stacking faults on basal planes 
[Pek13], while effects of alloying elements on SFE values can be found in [Han11, Muz12, 
Sha14, San14]. 

Table 2.1: Calculated SFE (meV) for different types of stacking faults on basal planes [Pek13]. 
I1 I2 E T2 Reference 
11 23 36 27 [Cet97] 
10 20 32 22 [Smi07] 
16 34 59 38 [Wen09] 

 

2.1.2 Crystallographic slip 
Ductile metals deform predominantly via crystallographic slip, where blocks of a crystal are 
displaced parallel to crystallographic planes by integer multiples of the atomic spacing 
[Got07, Als08a]. This displacement occurs through dislocation movements on closed packed 
planes and is driven by the resolved shear stress parallel to the slip plane in slip direction 
[Got07, Als08a]. The resolved shear stress can be calculated using the equation:  
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𝜏𝜏 =
𝐹𝐹
𝐴𝐴
∙ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ 𝑐𝑐𝑐𝑐𝑐𝑐𝜆𝜆 = 𝜎𝜎 ∙ 𝑌𝑌𝐹𝐹 (2.1) 

 
with 𝜏𝜏 being the shear stress resolved in the slip plane in slip direction, 𝑐𝑐 the angle between 
slip plane normal and stress axis, 𝜆𝜆 the angle between slip direction and stress axis and SF 
the Schmid factor [Got07, Abb09, Pek13] (cf. Fig 2.2). In polycrystalline material the different 
slip systems usually exhibit different SF (0 ≤ |SF| ≤ 0.5) and hence experience different re-
solved shear stresses. If the resolved shear stress exceeds the critical resolved shear stress 
(CRSS) of a slip system, dislocations will glide on the corresponding planes. In Mg several 
slip systems and twin modes exist and significant differences of their CRSS were observed. 
These deformation modes are introduced in the following sections. 

 
Fig 2.2: Determination of the resolved shear stress [Got07, Abb09]. 

2.1.3 Slip systems 
A variety of perfect and partial dislocations were observed in hcp metals [Par67, Yoo81, 
Lou07]. Nevertheless, the room temperature formability of Mg and its alloys is generally low, 
which is attributed to the limited number of easily activated slip systems. This section focuses 
on the most important slip systems in Mg (Fig 2.3), while a detailed description of other 
dislocations can be found in e.g. [Par67, Chr70, Hir82]. 

 
Fig 2.3: Slip systems: a) <112�0>{0002} - <a> basal, b) <112�0>�11�00� - <a> prismatic, c) <112�3>�112�2�� - 

2nd order <c+a> pyramidal slip. 

Fig 2.3 a) illustrates the <a> basal slip system corresponding to slip on the closed packed 
direction <112�0> on the closed packed {0002} (basal) plane. Consequently, this deformation 
mode exhibits the by far lowest CRSS [Kel58, Lou07]. Single crystal experiments revealed a 
CRSS in the order of 0.5 MPa [Bur52, Kel58]. However, this slip mode provides only 2 inde-
pendent slip systems and hence does not fulfill the von Mises criterion [Mis28, Tay38]. In 
addition, it does not allow c-axis deformation. 

Table 2.2: Independent deformation modes in magnesium [Yoo81]. 
Direction Plane Crystallographic 

element 
Independent 
slip modes 

<a> basal <112�0>{0002} 2 
<a> prismatic <112�0>�11�00� 2 

<c+a> pyramidal <112�3>�112�2�� 5 
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Consequently, additional non-basal deformation modes are required to enable polycrystal 
deformation. <a> prismatic slip on �11�00� planes (Fig 2.3 b)) and <c+a> pyramidal slip on 
�112�2�� planes (Fig 2.3 c)) provide 2 and 5 additional slip systems (Table 2.2) [Lou07, 
Yoo81]. In contrast to the <a> slip modes, <c+a> pyramidal slip enables c-axis deformation. 
However, the CRSS of non-basal slip modes are up to 2 orders of magnitude higher than for 
<a> basal slip at room temperature [Kel58, Lou07]. Table 2.3 summarizes the initial CRSS of 
<a> basal, <a> prismatic and <c+a> pyramidal slip systems for a variety of Mg alloys. 

Here, it should be noted that the CRSS of the non-basal slip modes are significantly in-
fluenced by the deformation temperature [Oba73, Ion82]. Therefore, non-basal slip modes 
contribute to the strain accommodation during hot deformation processes such as extrusion 
or hot rolling. 

Table 2.3: Initial CRSS of various alloys, which were determined via constitutive modeling. 
Material / method <a> basal 

𝝉𝝉𝟎𝟎, MPa 
<a> 

prismatic 
𝝉𝝉𝟎𝟎, MPa 

<c+a> 
pyramidal 
𝝉𝝉𝟎𝟎, MPa 

CRSS ratio 
ba : pri: pyr 

Reference 

Pure Mg (VPSC) 11 30 50 1 : 2.7 :   4.5 [Opp12] 
AZ31B (EPSC) 10 55 60 1 : 5.5 :   6.0 [Agn03] 
AZ31 (EPSC) 20 90 95 1 : 4.5 :   4.8 [Agn06a] 
AZ31 (EPSC) 10 55 60 1 : 5.5 :   5.0 [Agn06a] 
AZ31 (EPSC) 12 60 100 1 : 5.0 : 10.0 [Cla08] 
AZ31 (EPSC) 30 85 95 1 : 2.8 :   3.2 [Mur08] 
AZ31 (FEM) 
CRSS ratio 1 5 6  [Kne10] 

AZ31B (EVPSC) 9 79 100 1 : 8.7 : 11.1 [Wan10] 
Mg-3Li (VPSC) 10  80 1 :   -   :   8.0 [Agn01] 
Mg-1Y (VPSC) 10  170 1 :   -   : 17.0 [Agn01] 
ME21 (EPSC) 15 72 85 1 : 4.8 :   5.7 [Len13] 
WE43 (EPSC) 
Solutionized 12 78 130 1 : 6.5 : 10.8 [Agn13] 

WE43 (EPSC) 
Peak-aged1 30 86 130 1 : 2.9 :   4.3 [Agn13] 

WE43 (EPSC) 
Over-aged 37 92 130 1 : 2.5 :   3.5 [Agn13] 

ZM20 (EPSC) 
Fine grained 12 38 60 1 : 3.2 :   5.0 [Mur10a] 

ZM20 (EPSC) 
Coarse grained 2 18 25 1 : 9.0 : 12.5 [Mur10a] 

 
Based on the high CRSS of <c+a> pyramidal slip strain accommodation along the c-axis via 
crystallographic slip is impeded in Mg alloys, giving rise to the importance of deformation 
twinning, which will be introduced in the following section. 

2.1.4 Deformation twinning 
Deformation twinning is a shear deformation in which a part of a crystal is shifted into an ori-
entation featuring mirror symmetry with respect to the parent orientation. The deformation 
behavior of Mg and its alloys is significantly influenced by the activation of deformation twin-
ning [Kel58, Bar07a, Bar07b, Pro09, Cap09a, Bey11a, Bey11b, Kha11, Kur14]. The most 
important twin mode in Mg is �101�2�<101�1�> tension twinning (TTW-ing), which is associated 

1 Here, peak-aged denominates an optimization of the properties and the required time in the furnace 
to obtain them [Agn13]. 
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with a low flow stress and little work hardening [Kel58, Bar07a, Lou09]. Additionally, �101�1� 
<101�2�> compression twinning (CTW-ing) is frequently observed. In contrast to crystallogra-
phic slip, deformation twinning is a uniaxial deformation mode. Hence, TTW-ing can be acti-
vated only, if a tensile load is applied parallel to the c-axis and CTW-ing can be activated if 
compression occurs parallel to the c-axis. Both twin modes are represented in Fig 2.4. 
Tension twins (TTWs; Fig 2.4 a) and c)) feature a ≈ 86° rotation about a <12�10>-axis, while 
CTW-ing (Fig 2.4 b) and d)) reorients the grains by ≈ 56° about a <12�10>-axis. In contrast to 
compression twins (CTWs), which feature a high CRSS and usually appear as relatively thin 
needles in metallographic sections, TTWs readily nucleate at low stresses, thicken and 
appear to overtake grains in some cases [Bar07a, Bar07b, Lou07, Len14a]. 

 
Fig 2.4: Schematic drawings of TTWs (a), c)) and CTWs (b), d)) using a <2�110> zone axis (ZA). 

In addition, internal twinning is frequently observed in Mg alloys, where a secondary twin is 
formed within a preexisting twin. The most common example of internal twinning is 
�101�1�-�101�2� double twinning (DTW-ing), where a secondary TTW nucleates and grows 
within a primary CTW [Won67, Nav04, Ciz08, Bar08a, Len14a, Len14b]. Fig 2.5 illustrates 
the transition of a preexisting CTW into a �101�1�-�101�2� double twin (DTW). DTW-ing is 
particularly important as it has been correlated to the onset of flow localization and failure 
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and therefore, is detrimental for the ductility of Mg alloys. Based on their limited thickness 
DTWs form a narrow band that provides a much higher SF for <a> basal slip than the 
surrounding parent grain creating a narrow band in which slip is concentrated [Won67, 
Bar07b, Ciz08]. Even tertiary twinning, where DTWs form within a preexisting TTW (primary 
TTW), has been reported [Mu12, Len14a, Len14b]. Fig 2.6 illustrates the sequential forma-
tion of tertiary DTWs [Len14a]. 

 
Fig 2.5: Schematic drawing of internal TTW-ing within a preexisting CTW forming a type 1 DTW. 

 
Fig 2.6: Sequence of primary TTW-ing, secondary CTW-ing and tertiary TTW-ing within the secondary 

CTW forming a tertiary DTW [Len14a]. 

In order to analyze this sequence, misorientations distribution functions (MDFs) can be em-
ployed. Fig 2.7 illustrates the changes of the MDFs, which are generated through the se-
quential activation of primary TTW-ing, secondary CTW-ing and tertiary DTW-ing (Fig 2.6, 
[Len14a]). The intense activation of TTW-ing generates a high number of TTW boundaries 
featuring a misorientations angle of ≈ 86° about a <112�0> ZA (Fig 2.7 a)). As TTW-ing pro-
ceeds the parent grains are continuously overtaken. Consequently, TTW boundaries coa-
lesce causing a lower frequency of TTW boundaries (Fig 2.7 b)). If different TTW variants 
intersect a misorientation of 60° about a <101�0> ZA is generated (Fig 2.7 b)) [Nav04, Mu12]. 
The latter maximum is superimposed by the activation CTW-ing, which feature a misorien-
tation of ≈ 56° about a <112�0> ZA (Fig 2.7 c)). TTW-TTW boundaries and CTW boundaries 
can be distinguished through the standard triangle illustration of the rotation axis. Further de-
formation can introduce DTWs (Fig 2.7 d)). Here, several variants can occur which feature 
characteristic misorientation relations and will be introduced below.  

 
Fig 2.7: Schematic illustrating changes of the MDFs during sequential twinning: Primary TTW-ing, 

secondary CTW-ing and tertiary DTW-ing. 
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Both TTWs and CTWs contain six crystallographically equivalent twin variants and hence 36 
DTW variants can occur. These can be regrouped into four geometrically equivalent types 
[Bar08a, Bey12, Len14a]. These feature misorientation angles of 37.5° (type 1), 30.1° 
(type 2), 66.5° (type 3) and 69.9° (type 4) of the basal planes of the matrix and the DTW. 
Type 1 and type 2 share the same ZA (<112�0>) with the basal plane of the preexisting CTW, 
while type 3 and type 4 have ZAs that do not lie in the basal plane of the preexisting CTW 
[Bey12]. Fig 2.8 illustrates the geometric relationship between the TTW planes and a primary 
CTW plane. In Fig 2.7 the effect of type 1 DTWs on the MDF is illustrated. 

 
Fig 2.8: Schematic illustrating different DTW variants (Geometric relationship between the secondary 

TTW planes (red) and a given primary CTW plane (yellow). a) I: type 1 and type 2 DTWs, II: type 3 DTW,  
III: type 4 DTW, b) type 1 DTW (<2�110> ZA), c) type 2 DTW (<2�110> ZA)). 

Currently the mechanisms of twin variant selection are not fully understood. Usually, the SF 
is used to determine, which twin variant is selected. However, recent studies have shown 
non-SF behavior in twin variant selection [Cap09a, Cap09b, Bey10, Bey11a, Len14a, 
Len14b]. This deviation might be caused by the complex local stress state and twin nuclea-
tion mechanisms, which are not taken into account by SF calculations based on the 
macroscopic load. With respect to DTW-ing, a predominance of type 1 DTWs was observed 
revealing non-Schmid behavior in the activation of secondary TTW-ing [Bar08a, Mar10, 
Len14a, Len14b]. Several explanations for twin variant selection in DTW-ing were proposed. 
Barnett et al. [Bar08a] explained the predominance of type 1 DTWs by its optimal shape for 
strain compatibility, and its best match between the preexisting primary CTW and secondary 
twinning planes of the type 1 DTW. Mu et al. [Mu12] studied primary, secondary and tertiary 
twins in AZ31 samples compressed in plane strain and suggested that nucleation of primary 
TTWs is controlled by the macroscopic SF, while twin growth is controlled by the accommo-
dation strain between the twins and the adjacent grains. This approach was successfully 
transferred to secondary and tertiary twin variant selection in pure titanium [Qin14]. Beyerlein 
et al. [Bey12] explained the nucleation and growth of a TTW within a preexisting CTW by a 
sequence of dissociations of slip dislocations into �101�2� dislocations at the CTW boundary. 
According to this study type 1 and type 2 DTW-ing are triggered by the dissociation of basal 
dislocations, while type 3 and type 4 DTW-ing result from the dissociation of <c+a> pyramidal 
dislocations. As <c+a> pyramidal slip features a much higher CRSS than <a> basal slip (cf. 
Table 2.3), type 2 and particularly type 1 DTWs are expected to be predominant. 

2.1.5 Microstructure effects on the deformation behavior 
The mechanical properties and the deformation behavior can be influenced significantly 
through modifications of the microstructure and alloying. This section focuses on the effect of 
the grain size (dg), precipitates and texture on the deformation behavior of Mg alloys, while 
the effect of alloying elements will be discussed in the following section. 
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2.1.5.1 Grain size 
Almost all polycrystalline metals show a strong effect of dg on the hardness and the strength, 
where the strength increases with decreasing dg [Hal51, Pet53, Got07, Abb09]. The effect of 
the dg (Hall-Petch (HP) effect) can be described using the following equation: 

𝜎𝜎 =  𝜎𝜎0 +
𝑘𝑘

�𝑑𝑑𝑔𝑔
 (2.2) 

 
where 𝜎𝜎 is the flow stress, 𝑘𝑘 the HP constant and 𝜎𝜎0 the CRSS of the single crystal [Got07, 
Abb09]. Although the HP relation was derived for crystallographic slip, it has been shown in 
many classes of metals that it is also valid in case of twinning [Hul61, Lin63, Eco83, Chr95, 
Mey01, Bar04, Cer07, Bar08b, Jai08].  

In Mg it was found that TTW-ing is more sensitive to dg changes than crystallographic slip 
[Bar04, Bar08b, Pek13]. Therefore, dg reduction is a promising approach to hinder twinning 
and consequently reduce the mechanical anisotropy of Mg alloys. However, statistical EBSD 
analyses on hcp metals indicate that this trend may not always be the case [Bey10, Cap09]. 
In [Bey10] pure polycrystalline Mg was investigated. It was found that dg had little influence 
on whether or not a grain had formed at least one TTW, while it had a significant impact on 
the number of twins per grain. The number of twins per grain increased as the grain area 
increased, while the twin thickness was not affected by the grain area [Bey10]. In addition, 
Liu et al. [Liu14] observed a twinning-like lattice rotation without a twin plane in submicron-
sized pure Mg single crystals via in-situ mechanical testing in TEM and atomistic simulations. 
The study suggests that basal planes can be directly converted into prismatic planes and 
vice versa. Hence, this twin-like deformation mode might be viable in ultrafine grained 
materials. 

The effect of dg on CTW-ing and DTW-ing is studied seldom. Tsai et al. [Tsa13] reported a 
decreasing frequency of twinned grains (CTWs or DTWs) with decreasing dg in an AZ31 alloy 
using optical microscopy. 

2.1.5.2 Precipitates 
In addition, to grain refinement, precipitation is an effective approach to increase the strength 
and to modify the relative activities of deformation modes [Nie03, Sta09, Rob10, Rob11a, 
Nie12, Rob13, Nas14, Rob14, Agn13]. Nie [Nie03] developed Orowan equations appropriate 
for Mg alloys and analyzed the effect of the precipitate shape on the strengthening of basal 
slip considering identical volume fractions and number densities. It was found that prismatic 
plates cause more pronounced strengthening than basal precipitate plates, [0001]α precipi-
tate rods and spherical precipitates. Stanford et al. [Sta09] have analyzed twinning in an age-
hardened Z5 alloy forming c-axis rods. The study revealed that age-hardened samples con-
tain a larger number of twins (at -5 % strain) than precipitate free samples. In a subsequent 
study [Rob10] it was shown that the c-axis rod precipitates in age-hardened Z5 alloy sup-
press TTW growth, but promote TTW nucleation. In [Sta12] the effect of plate-shaped 
particles on the deformation behavior of AZ91 was investigated. While the effect of the preci-
pitates on slip systems could be modeled using Orowan equations, the predicted Orowan 
strengthening on TTW-ing was much lower than the experimental data. The authors 
proposed that the additional hardening increment is caused by a back-stress of the particles 
on the twin plane and hardening of the slip systems, which accommodate the twin shape 
change. 
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Robson et al. [Rob11a] applied Orowan equations and conducted experiments using a Z5 
and an AZ91 alloy to analyze the effect of the precipitate morphology (spheres, basal plates 
and c-axis rods) on basal and prismatic slip and on TTW-ing. This study indicates that c-axis 
rods are more effective hardening basal and prismatic slip than basal plates or spheres, with 
basal plates being particularly ineffective in hardening basal slip. As basal plates become 
orientated perpendicular to the basal plane within the TTWs, these are very effective hin-
dering basal slip in the TTW and hence TTW growth, while c-axis rods are poor obstacles to 
prevent slip in the TTW [Rob11a]. In addition, the study [Rob11a] indicates that basal plates 
reduce the tension compression asymmetry in extruded bars, while c-axis rods can increase 
the asymmetry. 

In [Rob13] and [Rob14] VPSC simulations and Orowan calculations were performed to ana-
lyze precipitate morphology effects on basal and prismatic slip and TTW-ing. Fig 2.9 sum-
marizes the Orowan strengthening of different precipitate morphologies and orientations on 
<a> basal and <a> prismatic slip as well as TTW-ing [Rob14].  

 
Fig 2.9: Orowan strengthening of different precipitates on <a> basal slip, <a> prismatic slip and TTW-ing: 

a) - c) basal plates, d) - f) c-axis rods, g) - i) prismatic plates [Rob14]. 

Agnew et al. [Agn13] analyzed the effect of prismatic plates, which formed during the age-
hardening of a cast WE43 alloy, on the deformation modes using in-situ neutron diffraction 
and EPSC simulations and found predominant hardening of <a> basal slip, while TTW-ing 
appeared to soften during age-hardening.  

2.1.5.3 Texture 
Based on the anisotropy of Mg single crystals [Kel58] and the uniaxial character of deforma-
tion twinning the texture of polycrystalline material has a pronounced impact on the deforma-
tion behavior of Mg wrought products. If anisotropic grains are randomly orientated in a 
sample, the macroscopic sample loses its anisotropy, while textured samples exhibit aniso-
tropic properties [Koc00]. The extent of the anisotropy of a polycrystalline sample is coupled 
to the sharpness of the texture. The texture of semi-finished products and parts is influenced 
by the alloying elements, the applied process and the process parameters, which will be dis-
cussed in the following sections. 
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2.2 Recrystallization in Mg alloys 
During thermo-mechanical processing of metals softening mechanisms (recovery – RV and 
recrystallization – RX) occur. While RX denominates the formation of a new grain structure 
within deformed materials by the formation and migration of high angle grain boundaries  
(> 10° - 15°), RV can be defined as all annealing processes in a deformed material that occur 
without the migration of high angle grain boundaries. The driving force of both processes is 
the stored energy of deformation. Grain coarsening (GC) can be defined as processes in-
volving the migration of grain boundaries, which are driven solely by the reduction of the 
grain boundary area. RV and RX are subdivided into dynamic (DRV, DRX) or static proc-
esses (SRV, SRX), where DRV and DRX refer to the occurrence of RV and RX during de-
formation, while SRV and SRX occur subsequent to deformation [Doh97, Got07]. Nucleation 
occurs within regions that provide high misorientations or strain gradients such as shear 
bands and high angle grain boundaries or the vicinity of large precipitates (> 1 µm) and twins 
[Doh97]. As RV, RX and GC cause microstructural changes they have an important impact 
on the mechanical properties of the product. DRX was observed in Mg alloys at temperatures 
> 150 °C [Ion82, Gal01, Als08b] and is therefore expected during Mg hot forming processes 
such as extrusion. Several nucleation mechanisms were observed: 

• Ion et al. [Ion82] observed grain boundary nucleation (GBN) during DRX of an Mg-Al alloy, 
which involved dynamic polygonisation of rotated lattice regions adjacent to grain bounda-
ries. Subsequently, Galiyev et al. [Gal01] analyzed DRX in a ZK60 alloy within a wide 
range of temperatures and extended the model proposed by Ion et al. [Ion82]. According 
to [Gal01] <a> basal slip and deformation twinning operate to comply with strain compati-
bility at grain boundaries, where basal dislocations accumulate near the twin boundary. 
The internal stresses, which are the result of remaining large elastic distortions at the 
grain boundaries, exceed the CRSS of non-basal slip modes causing a rearrangement of 
dislocations and the formation of high-angle grain boundaries. At intermediate tempera-
tures (200 °C - 250 °C) cross-slip of <a> dislocations occurs on non-basal planes. During 
cross-slip of an <a> dislocation a transition from screw to edge orientation occurs, which 
is associated with a high SFE enabling climb of this dislocation. The interaction of cross-
slip and climb generates a low-angle grain boundary network in vicinity of the original 
grain boundary. Subsequently, continuous absorption of dislocations in the low-angle 
boundaries occurs and causes continuous DRX. At high temperatures (300 °C - 450 °C) 
volume self-diffusion causes a transition to dislocation climb controlled RX. Microscopic 
slip lines cause the formation of bulges of grain boundaries resulting in nucleation of DRX 
grains [Gal01]. The orientation of the recrystallized grains does not deviate significantly 
from the orientation of the existing grain in case of GBN and hence, texture changes are 
marginal [Han14].  

• During DRX of Mg nucleation was observed at shear bands (SB) [Ion82], which feature an 
orientation that is favorable for the easily activated basal slip mode and arise at strongly 
deformed grain boundaries or twinned regions. The concentration of basal slip within the 
SBs results in a high dislocation density promoting DRX grain nucleation. SB nucleation 
(SBN) was observed particularly in rare earth (RE) containing Mg alloys and has been 
correlated to texture modifications generating weaker textures and additional RE texture 
components [Sta08a, Sen08, Han10, Hup10a, Gal12, Had12, Bas13, Bas14, Han14]. 

• While small precipitates can pin grain boundaries and thereby hinder RX at sufficient 
precipitate densities, larger precipitates > 1 µm can promote DRX via particle stimulated 
nucleation (PSN) [Doh97]. Robson et al. [Rob11b] analyzed Mg-Mn alloys and showed 
that the presence of a fine particle dispersion allows retaining a largely unrecrystallized 
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microstructure after hot rolling. PSN is a frequently reported DRX mechanism in Mg alloys 
[Bal94, Rob09, Gal12, Hir13, Als13, Bas14]. Ball and Prangnell [Bal94] explained the very 
weak texture of a WE43 alloy by the observation of PSN. In [Rob09] it was found PSN 
contributes in a minor extent to RX grain nucleation, but produces random grain orien-
tations. Although studies on dilute solid solution RE alloys indicate that PSN is not a pre-
requisite for weak RE textures [Sta08a, Had12], other recent studies indicate that PSN 
introduces a grain refinement and randomness of grain orientations and hence is a poten-
tial source of texture modification during hot processing [Als13, Hir13]. In [Hir13] it is sug-
gested that precipitate density and precipitate size are important factors in magnifying the 
impact of particles on the texture development. 

• With respect to the RE texture development solutes effects were reported during RX, 
where solute segregate to the grain boundaries and affect grain boundary motion [Boh10, 
Sta10a, Als11, Sta11, Had12, Hir13]. Stanford et al. [Sta10a] investigated binary Mg-Gd 
alloys observing a significant Gd enrichment of the grain boundary region hindering RX 
grain nucleation. In [Sta11] the level of solute segregation was found to be dependent on 
the extrusion temperature. A maximum was observed at 490 °C, which is caused by the 
two competing effects solute diffusivity and grain boundary mobility. At temperatures  
< 490 °C a RE texture was observed, while temperatures > 500 °C caused a conventional 
extrusion texture. Hadorn et al. [Had12] analyzed binary Mg-Y and Mg-Zn alloys and re-
vealed an important Y enhancement at grain boundaries, while Zn was distributed homo-
geneously. The study indicates that slow grain growth respectively low grain boundary 
mobility can be achieved through slow diffusing grain boundary solutes. According to the 
authors this might affect the DRX mode and ultimately the texture development. In [Hir13] 
it is argued that solute segregation may have little influence on the nucleation process, but 
strongly retard the boundary mobility of RX nuclei. This can cause a retardation of RX and 
deformation heterogeneities with large crystallographic misorientations and thereby alter 
the RX mechanism (orientated nucleation) or affect the growth advantage of specific ori-
entation relationships (oriented growth). Furthermore, both aspects, orientated nucleation 
and growth, might be superimposed [Hir13]. 

Here it should be noted that in most cases several DRX mechanisms occur simultaneously 
hindering an unambiguous correlation of texture effects and a single DRX mechanism. 

2.3 Extrusion 
Extrusion is a forming process to create products featuring a fixed cross-sectional profile, 
where the material is pushed through a die of the desired cross-section. Important advan-
tages of the process are the realization of complex cross-sections and high true strains, 
based on the confining compressive stresses in the shear zone. Extrusion processes are 
usually subdivided based on the billet temperature TB (hot / cold extrusion) and the relative 
movement of the extruded material and the ram [Bau01, Mül03, Mül07]. In the present study 
indirect extrusion was performed. 

In indirect extrusion the billet and container move together while the die is stationary  
(Fig 2.10). After heating, the billet is loaded into the container. Subsequently, the container 
and the ram move simultaneously towards the die, which is supported by a hollow stem. 
Consequently, no relative motion of the container and the billet occurs avoiding friction be-
tween these and reducing the required extrusion force. Additionally, the flow of the material is 
much more homogeneous. However, in indirect extrusion the cross-sectional area of the 
product is limited by the diameter of the hollow stem [Bau01, Mül07, Gal12]. 
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Fig 2.10: Schematic drawing of the indirect extrusion process. 

2.3.1 Extrusion of Mg alloys 
Mg alloys are usually extruded using TB in the range of 250 °C – 450 °C [Swi06]. As pressure 
welding is possible a variety of cross-sections can be produced including hollow profiles 
[Bau01, Kai03, Las05]. However, increasing alloying element concentrations complicate ex-
trusion resulting in extrusion speeds being ten times lower [Kai03, Las05].  

The extrusion parameters such as the TB, extrusion ratio R and the cooling conditions affect 
the DRX, the resulting microstructure and ultimately the mechanical properties. Usually, high-
er TB result in high product temperatures (TP), which in turn results in more pronounced GC 
and a higher average dg [Mur03, Mül07, Hup10b, Hup11, Gal12]. Increased cooling rates, 
which can be obtained via changes of the cooling medium (e.g. water cooling), result in a 
refined microstructure [Mül07, Boh08, Hup10b, Hup11]. An increased R has multiple effects. 
On the one hand an increased R is equivalent to a higher true strain, which in turn is related 
to a higher dislocation density accelerating the kinetics of RX and to more pronounced strain 
inhomogeneities generating nucleation sites, which might influence the DRX mechanisms 
[Hum95]. On the other hand the heat generation from the deformation increases causing 
higher TP. In [Mur03] an increasing dg with increasing R was reported in an AZ31 alloy, while 
in [Uem06] a decreasing dg with increasing R was reported in AZ alloys. Gall [Gal12] ob-
served a minor decrease of the dg in case of an AZ31 alloy if the R was increased from  
R = 92 : 1 to R = 123 : 1. 

Fig 2.11 exhibits schematic drawings of typical extrusion textures. While pure Mg and con-
ventional Mg alloys usually exhibit <101�0>, <112�0> or <101�0>/<112�0> fiber textures the 
addition of RE elements introduces an additional RE texture component (<112�1>) weakening 
the overall texture [Yi04, Agn05, Sta08b, Sta08c, Als10, Boh10, Hup10a, Hup10b, Sta10b, 
Sta11, Brö11, Ill14].  

 
Fig 2.11: Schematic drawing of typical extrusion textures (|| ED): a) Visualization of crystals within the 

stereographic triangle, b) <101�0> fiber texture, c) <112�0> fiber texture, d) RE texture between <112�1> and 
<112�2>. 
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Based on this texture development extruded Mg bars usually exhibit an anisotropic deforma-
tion behavior. Fig 2.12 a) demonstrates an example of the tension – compression asymmetry 
of an extruded ME21 bar, while Fig 2.12 b) exhibits SF distributions, which were calculated 
by Muransky et al. [Mur08] for tensile testing of an extruded AZ31 alloy. If compression tests 
are conducted parallel to the extrusion direction (ED), TTW-ing is readily activated, while its 
uniaxiality prevents its activation in tension tests. As TTW-ing usually features a low CRSS 
and little work hardening [Kel58, Bar07a, Lou09] the compression yield strength (CYS) is 
usually lower than the tensile yield strength (TYS) (e.g. [Swi06, Mül07, Hup10a, Hup10b, 
Ill14]). Furthermore, the activation of TTW-ing results in a typical sigmoidal-shape compres-
sion flow curve. 

 
Fig 2.12: a) Tension – compression asymmetry of an ME21 extrusion, b) SF distribution calculated for 

uniaxial tension of extruded bars [Mur08]. 

In order to quantify the yield asymmetry the strength differential effect (SDE) is frequently 
used [Sto04, Mül07, Hup10a, Hup10b]: 

𝑌𝑌𝑆𝑆𝐸𝐸 = 2 ∙
|𝐶𝐶𝑌𝑌𝑌𝑌|− |𝑇𝑇𝑌𝑌𝑌𝑌|
|𝐶𝐶𝑌𝑌𝑌𝑌| + |𝑇𝑇𝑌𝑌𝑌𝑌| 

(2.3) 

 
Huppmann et al. reported an SDE in the range of -0.10 to -0.70 in case of AZ31 [Hup10a] 
and -0.14 to -0.26 in case of ME21 [Hup10b]. 

2.4 Influence of alloying elements 
Since the first industrial applications of Mg alloys in the early 20th century there has been 
considerable effort to influence the properties of pure Mg through alloying. The main mecha-
nisms affecting the mechanical properties are solid solution hardening and precipitation 
hardening, where solid solution hardening is based on the difference in atomic radii and pre-
cipitation hardening on the reduced solubility at low temperatures enabling precipitation of 
intermetallic phases. Effective precipitation hardening requires a high precipitate density, an 
ideal distribution and precipitate size [Kam00, Kai03]. The following sections describe the 
influence of alloying elements, which are relevant for this study. 

2.4.1 ME21 
Within this study an ME21 alloy containing 2 wt% Mn and 0.7 wt% Ce mischmetal was 
investigated. Fig 2.13 exhibits the binary phase diagrams corresponding to the investigated 
ME21 alloy. The addition of Mn increases the strength, if the concentration is higher than 
1.5 wt%. In addition, alloying with Mn improves the corrosion resistance by lowering the 
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solubility of iron, refines the grain structure and contributes to the weldability [Kai03]. Due to 
its low solubility Ce is usually observed to form Mg12Ce precipitates. In the investigated ME21 
alloy micrometer-sized Mg12Ce precipitates and nanometer-sized Mn precipitates occur 
simultaneously [Hup10a, Hup11, Brö11, Li11, Gal12].  

Several authors have reported a significant increase of the ductility of Ce containing alloys, 
which was usually attributed to texture modifications introducing an additional RE texture 
component with favorable orientation for the activation of <a> basal slip [Sta08b, Sta08c, 
Hup10a, Brö11, Len13]. Chino et al. [Chi08] reported an enhanced ductility and stretch for-
mability of an Mg 0.2 wt% Ce alloy compared to pure Mg, which was attributed to a higher 
activity of non-basal slip especially <a> prismatic slip. It was supposed that the addition of Ce 
increases the SFE indicating that non-basal slip modes can be activated to a significant 
extent in Ce containing Mg alloys. In [Li11] and [Hir13] it is suggested that Ce addition chan-
ges the relative CRSS of several slip systems compared to AZ31 indicating solid solution 
hardening and softening effects on slip and twin modes despite the presence of the afore-
mentioned precipitates.  

 
Fig 2.13: Binary phase diagrams: a) Mg-Mn, b) Mg-Ce [Kam00]. 

2.4.2 WE54 
The WE54 alloy contains 5 wt% Y and 4 wt% heavy RE metals, predominantly Nd. Based on 
the solubility of the alloying elements at high temperatures and the limited solubility at lower 
temperatures age-hardening is possible in this alloy (Fig 2.14, [Kam00, Nie00, Kai03]).  

Agnew et al. [Agn01] showed that the solid solution of Y enhances the activity of the <c+a> 
pyramidal slip system, which helps the accommodation of c-axis compression, via VPSC 
modeling. This result is supported by studies of Sandlöbes et al. [San11, San12, San13] 
using TEM experiments and density functional theory (DFT) calculations to analyze pure Mg 
and binary Mg-Y alloys. According to their studies the SFE of the sessile stacking fault I1 
decreases with Y addition. As this stacking fault acts as a heterogeneous nucleation source 
for <c+a> pyramidal dislocations, a high activity of <c+a> dislocations gliding on 1st and 2nd 
order pyramidal planes was observed [San11, San12, San13, Agn15]. Very recently, 
Stanford et al. [Sta15] showed that high Y solute concentrations result in a reduced �101�2� 
TTW-ing activity and the appearance of �112�1� twins. They ([Sta15]) suggest that the large 
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atomic radius of Y (rY = 0.181 nm; rMg = 0.160 nm [Sha05]) hinders the atomic shuffling 
process which accompanies the twinning shear in TTW-ing.  

 
Fig 2.14: Binary phase diagrams: a) Mg-Nd, b) Mg-Y [Roh03]. 

Hidalgo-Manrique et al. [Hid14] observed a strong influence of Nd solute atoms and precipi-
tates on the yield stress asymmetry in an MN11 alloy and proposed that solute Nd consti-
tutes a strong obstacle for basal dislocation. Similar results were found by Dudamell et al. 
[Dud13]. Zhang et al. [Zha12] applied DFT calculations to investigate the influence of RE 
elements on the stacking faults of Mg solid solutions. According to their study the SFEs of 
the I1 and I2 stacking faults decrease with Nd addition. In [San12] it was shown that I1 sta-
cking faults can promote <c+a> pyramidal slip. A decreased I2 SFE could reduce the cross-
slip probability for basal dislocations, which could results in a less mobile basal dislocation 
structure causing a relatively higher activation of non-basal deformation modes [San12]. 
Based on the investigations of Stanford et al. [Sta15] and the very similar atomic radii of Nd 
(rNd = 0.182 nm [Sha05]) and Y, it is likely that Nd hinders the atomic shuffling process, which 
is required during TTW-ing, analogous to Y.  

The precipitation sequence of Mg-Y-Nd alloys has been investigated several times ([Nie99, 
Nie00, Ant03, Gao12]). It is summarized in the review article [Nie12] and illustrated in  
Fig 2.15. According to [Nie12] the following precipitation sequence occurs: 

SSSS → GP zones; 
Zig-zag 
shape 
d = 0.37 nm 

→ β’’ (Mg3Nd) 
hcp, D019 
a = 0.64 nm 
c = 0.52 nm 
hex. prism 

→ β’ (Mg12YNd) 
orthorhombic 
a = 0.64 nm 
b = 2.24 nm 
c = 0.52 nm 
globular 

→ β1 (Mg3(Nd,Y) 
fcc, Fm3�m 
a = 0.74 nm 
�101�0�α plate 

→ β (Mg14Nd2Y) 
fcc, Fm3�m 
a = 2.20 nm 
�101�0�α plate 

Fig 2.15: Precipitation sequence of Mg-Y-Nd alloys. 

Gao et al. [Gao12] developed a phase field model of β1 precipitation indicating stress con-
centrations at rim of the β1 disk, which favor nucleation and growth of β’ particles. In [Agn13] 
the effect of age-hardening on the relative activity of deformation modes is investigated in a 
cast WE43 alloy using in-situ neutron diffraction and EPSC simulations. The simulations re-
veal that plate-shaped precipitates on �101�0�α planes, which are generated during age-hard-
ening, effectively hinder <a> basal slip, while <a> prismatic slip and TTW-ing are not affected 
as much as basal slip. Interestingly, the study indicates that the CRSS of TTW-ing is lower in 
the aged samples than in the solutionized samples.  

Fig 2.16 depicts β’, β1 and β phases, which were observed in a WE54 alloy after different  
250 °C heat treatments [Nie00].  
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Fig 2.16: Precipitation in WE54 aged at 250 °C (ZA [0001]). a) 4 h - �112�0� platelets and globular β’ precipi-

tates; b) and c) 48 h - globular β’ precipitates and β1 �101�0� platelets; d) 2400 h - equilibrium β �101�0� 
plates; e) 48 h - β1 to β transition [Nie00]. 

2.4.3 L4 and LA41 
Within this study the Mg-Li alloys L4 (4 wt% Li) and LA41 (4 wt% Li and 1 wt% Al) were 
investigated. Due to its low density alloying with Li enables a further reduction of the density 
of Mg alloys. At ambient temperature Li is retained in solid solution (< 15 at%) causing an 
increased ductility. Hauser et al. [Hau56] have reported a decreasing c/a ratio with increasing 
Li concentrations in such alloys. At higher Li concentrations the β bcc phase forms resulting 
in a dual phase microstructure (15 - 30 at%) or a single phase β microstructure (> 30 at%). 
The corresponding phase diagram is shown in Fig 2.17 a). Although, a further decrease of 
the density is attractive for light-weight applications, several disadvantages such as an 
increased reactivity, negative effects on burning and vapor behavior of the melt and a worse 
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corrosion behavior limit the application of such alloys [Kam00, Kai03]. Nevertheless, there 
has been significant effort in designing Mg-Li based alloys and suitable processing [San96, 
Haf00, Agn01, Agn02, Bac03, Son04, Agn06b, Als08a, Als09, Cou09]. 

 
Fig 2.17: a) Binary Mg-Li phase diagram, b) section through the Mg-Li-Al phase diagram (a) based on 

[Als09], b) based on [Kam00]). 

Several early studies indicate hardening of <a> basal slip and softening of <a> prismatic slip 
in Mg-Li alloys [Ahm65, Qui62, Kel68]. An early investigation by Kelley and Hosford [Kel68] 
showed that the addition of 4 wt% Li to Mg single crystals lowers the CRSS of <a> prismatic 
slip, while <a> basal slip and TTW-ing are hardened. In [Agn01] VPSC simulations and me-
chanical testing were applied revealing significantly improved elongations to failure caused 
by an increase of <c+a> pyramidal slip activity in Mg-Li alloys. These results were confirmed 
[Agn02] via TEM dislocation analysis of deformed Mg 15 at% Li samples containing a higher 
amount and more uniform distributed <c+a> dislocations than pure Mg samples, which indi-
cates a promoting effect of Li additions on the activation of <c+a> pyramidal slip. As this slip 
mode provides 5 independent slip systems and enables c-axis deformation it was suggested 
that its promotion causes the enhancement of the ductility of hcp solid solution Mg-Li alloys 
[Agn01, Agn02]. Al-Samman [Als09] analyzed the deformation behavior of an Mg 4wt% Li 
alloy in comparison to an AZ31 alloy and reported a significantly enhanced ductility of the 
Mg-Li alloy. This study suggests that <c+a> pyramidal slip is enhanced at room temperature, 
while elevated temperature renders <a> prismatic slip more active than <c+a> pyramidal slip 
[Als09]. DFT calculations by Han et al. [Han11] and Muzyk et al. [Muz12] indicate that the 
basal SFE is increased by Li alloying. This would decrease the tendency of <c+a> dis-
locations to decompose into the basal plane and promote prismatic cross-glide of <a> dislo-
cations [Agn02]. Presently, there is less information on the effect of Li on the CRSS of TTW-
ing. In [Muz12] the ratio of the twinning energy and the unstable SFE of the <a> prismatic 
slip system was used to assess the effect of alloying elements on twin formation. Their study 
indicates that Li addition increases this ratio compared to pure Mg decreasing the possibility 
of twin formation during deformation. Similar results were obtained by Shang et al. [Sha14] 
using first-principles calculations to analyze the SFEs and the propensity to twin (so called 
twinnability) of dilute Mg alloys and revealed that Li additions tend to lower the twinnability. 

Through the addition of Al to Mg-Li alloys AlLi precipitates and Mg17Al12 precipitates can be 
generated providing a significant increased strength and embrittlement [Kam00]. An in-
creased Al solute content reduces the DRX dg in AZ alloys [Wat01] and according to Shang 
et al. [Sha14] Al addition lowers the twinnability. 
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3. Aim 
In order to exploit the full weight-saving capacity of Mg parts, wrought alloys are required as 
they usually exhibit improved mechanical properties such as higher strength and ductility 
than cast alloys [Pek13]. However, the application of Mg wrought alloys is currently restricted 
by their limited room temperature formability and a pronounced anisotropy of the products.  

For a given alloy each processing step introduces changes of the microstructure including 
alterations of the grain size, the texture, the precipitate size and distribution as well as solute 
contents. Each of these microstructural parameters in turn influences the mechanical prop-
erties of a (semi-finished) product. Here, a profound understanding of the correlations be-
tween processing parameters and the generated product’s microstructure is required to en-
able failure-free processes and tailored materials for specific applications or forming process-
es. The aim of the present study is to contribute to the understanding of processing - micro-
structure as well as microstructure - mechanical property correlations investigating four Mg 
alloys (ME21, WE54, L4 and LA41).  

Therefore, the extrusion process starting from the cast material and including post extrusion 
heat treatments is selected exemplary to investigate the effect of different processing 
parameters on the microstructural development. Here, the effect of different billet tempera-
tures, extrusion ratios and cooling conditions as well as the effect of heat treatment parame-
ters temperature and dwell time are of particular interest as they enable the variation of the 
above mentioned microstructural parameters within a wide range. The alloy selection was 
chosen to enable the investigation of grain size effects (ME21, WE54, L4 and LA41), solute 
effects (WE54, L4 and LA41), precipitate effects (ME21 and WE54) as well as texture effects 
(ME21 and WE54). 

In order to enable the analysis of Hall-Petch effects the grain size was modified. Low billet 
temperatures and high cooling rates enable the generation of fine grained materials, while 
high billet temperatures and air cooling as well as post extrusion heat treatments cause 
coarse grained materials. The solid solution alloys L4 and LA41 enable the investigation of Li 
solute concentrations on the active deformation modes, while the WE54 alloy features high Y 
and Nd concentrations, which are expected to affect the deformation behavior, significantly. 
The latter mentioned alloy allows the controlled generation of precipitates through post extru-
sion heat treatments, which enable the investigation of precipitation hardening and at the 
same time reduce the solute concentrations. Thereby, the effect of changing solute concen-
trations on the deformation behavior can be analyzed in a single alloy. In addition, the ME21 
and the WE54 alloys are expected to generate extrusion textures, which deviate from the 
conventional <101�0>, <112�0> or <101�0>/<112�0> extrusion textures through the addition of 
rare earth elements, enabling the investigation of texture effects on the deformation behavior.  
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4. Materials and characterization techniques 

4.1 Alloys and metallographic sample preparation 
In this study the alloys Mg-4wt%Li (L4), Mg-4wt%Li-1wt%Al (LA41), Mg-2wt%Mn-0.7wt%Ce 
mischmetal (ME21) and Mg-5wt%Y-4wt%Nd mischmetal (WE54) were investigated. The 
investigated alloys were obtained from the “Institut für Werkstoffkunde – Leibniz Universität 
Hannover” (Mg-Li based alloys), “Stolfig Group - Geisenfeld” (ME21) and “Magnesium Elek-
tron – Manchester” (WE54). The chemical compositions of the alloys are given in Table 4.1. 

Table 4.1: Chemical compositions of the investigated alloys (wt%). In case of the Mg-Li based alloys the 
concentrations of the accompanying elements correspond to the used high purity Mg. The ME21 alloy is 

equivalent to the alloy investigated in [Hup10a, Hup11, Gal12]. 
 Li Al Zn Si Cu Mn Fe Ni Ca 
L4 4.0 0.01 <0.01 0.01 <0.01 0.03 <0.01 <0.01 0.02 
 Li Al Zn Si Cu Mn Fe Ni Ca 
LA41 4.0 1.0 <0.01 0.01 <0.01 0.03 <0.01 <0.01 0.02 
 Mn Ce Al Nd Pr Si Th Y Zn 
ME21 2.1 0.7 <0.01 <0.02 <0.01 <0.02 0.14 0.04 <0.02 
 Y Nd HRE+Nd Zr Zn Si Cu Mn Others 
WE54 5.0 1.6 2.6 0.5 0.01 <0.01 <0.01 0.01 <0.01 
 
All samples were prepared by standard metallographic methods including grinding, mechani-
cal and chemical polishing. Here, a solution of 12 ml hydrochloric acid (37 %), 8 ml nitric acid 
(65 %) and 100 ml ethanol was applied. For optical microscopy investigations the samples 
were etched using the etching solutions given in Table 4.2. The etching time varied between 
2 s and 5 s. The dg of the samples were determined via optical microscopy using the soft-
ware “a4i Analysis” (aquinto) and “ImageJ” [Abr04]. 

Table 4.2: Applied etching solutions. 
L4 & LA41 

 
L4 & LA41 

(polarized light) 
ME21 WE54 

as-extruded 
WE54 
aged 

  5 g citric acid  
95 ml distilled 
water 

  4.2 g picric acid  
10 ml acetic acid 
10 ml water  
70 ml ethanol 

  4.2 g picric acid  
10 ml acetic acid 
10 ml water 
70 ml ethanol 

  4.2 g picric acid  
10 ml acetic acid 
10 ml water  
70 ml ethanol 

  5 g citric acid  
95 ml distilled 
water 

 
For electron backscatter diffraction (EBSD) analysis etching was skipped. The samples were 
removed from the embedding compound and chemically polished. For transportation to the 
scanning electron microscope (SEM) the samples were either kept in ethanol or in an evacu-
ated steel cylinder.  
The thin foils required for TEM analysis were prepared by cutting, polishing and electrolytical-
ly thinned using a TENOPOL-3 (Struers). Initially, a perchloric acid solution (1000 ml ethanol 
+ 50 ml perchloric acid) was used for electrolytical thinning, which provides reasonable 
results in case of the ME21 alloy. However, this solution was not suitable for the preparation 
of Mg-Li based alloys and the WE54 alloy, which were thinned using a solution of 5.3 g 
lithium chloride, 11.16 g magnesium perchlorate, 500 ml methanol and 100 ml 2-butoxy-eth-
anol. Typically, cross-sections were used for TEM analysis. However, the analysis of twin-
ning required samples from the longitudinal sections as these provide suitable grain orienta-
tions of the parent and the twin based on the initial texture of the extruded bars. 
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4.2 Extrusion and heat treatments 
The indirect extrusion trials were performed at the Extrusion Research and Development 
Center at Technische Universität Berlin using a horizontal extrusion press with a maximum 
capacity of 8 MN. The billet dimension was Ø = 123 mm, l = 150 mm for all trials, while the 
TB, the R (25 : 1, 41 : 1, 71 : 1) and the cooling medium (air / water) were varied. A product 
speed of 1.7 m/min was typically used. The following homogenization procedures were ap-
plied: 

• L4: 4 h at 300 °C or none 
• LA41: none 
• ME21: 12 h at 400 °C 
• WE54: 8 h at 525 °C 

Post extrusion heat treatments were performed using Heraeus furnaces M110 and K1252 for 
high temperature annealing (≥ 475 °C) or T6060 for age-hardening (≤ 250 °C). The samples 
were quenched in water after high temperature annealing, while air cooling was applied for 
age-hardened samples. 

4.3 Mechanical testing 
Laboratory mechanical testing was performed using a servo-hydraulic “MTS 810” universal 
testing machine and a strain rate 𝜀𝜀 ̇ = 2.5 x 10-4 s-1. The flow curves were recorded using the 
software “MTS TestStar (TestWare-SX)” and an extensometer “MTS 634.12F-34”. The 
specimen geometry of the standard samples and of specimens used for in-situ synchrotron 
studies (cf. section 4.5) are shown in Fig 4.1. In order to analyze the microstructural develop-
ment during deformation, samples were deformed to predefined strain levels and analyzed 
using EBSD and X-ray diffraction based texture measurements. 

 
Fig 4.1: Specimen geometry: Standard laboratory samples (left), synchrotron samples (right). 

4.4 Electron microscopy 
According to the Rayleigh criterion ∆𝑥𝑥 ≈ 0.6 𝜆𝜆/ sin𝛼𝛼 the maximum resolution is proportional 
to the wavelength of the applied light, which limits the resolution of optical microscopes to  
≈ 0.3 µm. However, de Broglie proposed that particles such as electrons or neutrons possess 
a wavelike character, where 𝜆𝜆 = ℎ/(𝑚𝑚𝑚𝑚)  with ℎ being the Planck’s constant, 𝑚𝑚 the mass and 
𝑚𝑚 the speed of the particle. Consequently, sufficiently accelerated electrons enable much 
higher spatial resolution (≈ 0.2 nm using a modern TEM and an acceleration voltage of  
200 keV) [Ege05].  

4.4.1 Scanning electron microscopy 
In scanning electron microscopy the electron beam is scanned across the specimen in two 
directions (x and y). Although, the spot size is in the range of 1 nm to 10 nm the resolution of 
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an SEM is lower due to the interaction of the beam and the sample. Within the interaction 
volume a variety of electron - specimen interactions can occur, which give rise to manifold 
signals, which can be exploited using suitable detectors to analyze the materials properties. 
Within this study secondary electrons (SE), backscattered electrons (BSE) and emitted char-
acteristic X-ray radiation are relevant. When primary electrons interact with the specimen 
weakly bound outer shell electrons can be released. Such SEs feature a low kinetic energy 
(commonly < 100 eV). Most SEs are brought to rest within the interaction volume, however, 
those secondary electrons escaping into the vacuum provide a topographical contrast of the 
surface area. BSEs are primary electrons, which have been ejected from a solid by scatter-
ing through an angle > 90°. Most BSEs escape from the sample with energies not far below 
those of primary electrons. The fraction of primary electrons that escape as BSEs depends 
on the atomic number and hence, BSE detectors provide a contrast due to variations in the 
chemical composition. Furthermore, primary electrons can be scattered inelastically exiting 
sample atoms. When other atomic electrons fill the inner-shell vacancies characteristic X-ray 
photons are emitted enabling the characterization of the chemical composition of phases 
within the sample using energy-dispersive X-ray spectroscopy (EDS) [Ege05]. 

In addition, individual grain orientations can be determined via EBSD enabling local texture 
(aka microtexture) measurements, point-to-point orientation correlations and phase identifi-
cations within the SEM environment. EBSD relies on the evaluation of Kikuchi pattern, which 
are generated through the combined effect of diffuse scattering of primary electrons and 
elastic scattering fulfilling the Bragg equation [Ran00]:  

2𝑑𝑑ℎ𝑘𝑘𝑘𝑘 sin𝜃𝜃 = 𝑛𝑛𝜆𝜆 (4.1) 
 
where 𝑑𝑑ℎ𝑘𝑘𝑘𝑘 is the lattice plane spacing, 2𝜃𝜃 the angle between incident and diffracted beam 
and 𝜆𝜆 the wavelength of the applied monochromatic radiation and 𝑛𝑛 an integer defining the 
order of diffraction [Koc00, Ran00, Spi09]. 

When the electron beam enters the specimen it is diffusely scattered in all directions and 
hence, there must always be some electrons fulfilling the Bragg equation, which can undergo 
elastic scattering and give a strong reinforced beam. As the diffraction of electrons through 
the Bragg angle occurs in all directions a cone is generated, which extends about the normal 
of the reflecting lattice planes. If a detector is positioned to intercept the diffraction cones, a 
pair of conic sections results which appears as straight parallel lines (so-called Kikuchi lines). 
Kikuchi pattern arise from the superimposition of Kikuchi lines corresponding to different 
crystallographic planes. These patterns can be evaluated to determine the grain orientation 
[Ran00]. Fig 4.2 illustrates the generation of Kikuchi pattern and the typical EBSD geometry 
used in SEM. 

The SEM investigations were carried out using: 

• a SEM-Hitachi S-4000, which is equipped with an energy dispersive X-ray detector 
and an Oxford Instruments EBSD detector Nordlys II (TU Berlin – ZELMI),  

• a Zeiss DSM 982 GEMINI SEM equipped with an EDAX Hikari camera for EBSD 
data acquisition (TU Berlin – ZELMI), 

• a Zeiss Ultraplus SEM equipped with an Oxford Instruments EBSD detector Nord-
lysNano (Helmholtz Zentrum Berlin).  

In-situ EBSD measurements during compression tests were conducted using the Zeiss DSM 
982 GEMINI SEM and a Kammrath & Weiss tensile / compression module 5 kN (Fig 4.2 b)). 
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Fig 4.2: Schematic drawing of an EBSD setup and a view of the Kammrath & Weiss tensile / compression 

module installed in a Zeiss DSM982 GEMINI SEM. 

4.4.2 Transmission electron microscopy 
While the spatial resolution of a SEM is limited to the interaction volume of the primary elec-
tron beam, the application of TEMs enable spatial resolution on atomic scale (≈ 0.2 nm) 
[Ege05]. Therefore, much higher acceleration voltages (200 keV - 300 keV) are applied to 
analyze thin foils in transmission providing insight on manifold materials properties such as 
the chemical composition of small scale precipitates via phase contrasts and EDS, disloca-
tion arrangements and densities, the lattice of phases via Laue diffraction, point-to-point ori-
entation relations, etc. A major advantage of the TEM is the ability to combine diffraction and 
imaging methods easily [Czi06]. However, the preparation of TEM thin foils is much more 
challenging than specimen preparation for SEM analysis. Fig 4.3 illustrates the thin-lens ray 
diagram of an imaging system of a TEM in diffraction and imaging mode. 

 
Fig 4.3: Schematic of a TEM in imaging mode and diffraction mode. 

In the imaging mode the image of the real space, formed on the image plane of the objective 
lens, is projected onto the fluorescence screen or detector, while in the diffraction mode the 
diffraction pattern, generated on the back focal plane, is projected on the screen. In order to 
analyze the diffraction pattern of a specific area (e.g. large scale precipitates) an aperture for 
selected area diffraction (SAD) is inserted at the image plane of the objective lens. In the 
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imaging mode the SAD aperture is removed and an objective aperture is inserted in the back 
focal plane selecting the direct beam (bright-field image) or a diffracted beam (dark-field im-
age). In case of high-resolution TEM (HR-TEM) the objective aperture is removed to form an 
image collecting many diffraction beams including diffracted beams featuring large |�⃑�𝑔| values 
(where �⃑�𝑔 to a reflection is normal to the corresponding hkl plane and |�⃑�𝑔| = 𝑑𝑑ℎ𝑘𝑘𝑘𝑘

−1), which 
contain information of small-scale structures of the sample [Czi06]. Point-to-point orientation 
correlations and misorientation correlations can be determined on the basis of Laue diffrac-
tion and indexing of Kikuchi pattern analogous to EBSD in SEM. 

In this study conventional TEM and HR-TEM investigations were conducted using a Philips 
CM-30 with a Voyager EDS-system applying an acceleration voltage of 250 keV and a FEI 
Titan 80-300 Berlin Holography Special TEM using 300 keV. In conventional TEM investiga-
tions orientation relations were determined through indexing of Kikuchi pattern using the 
software TOCA [Zae00]. 

4.5 Diffraction 
Diffraction methods enable a series of investigations of crystalline materials such as crystal 
structure determination, phase analysis, lattice strain measurements for stress analysis and 
texture analysis. Within this study laboratory X-ray diffraction and time-of-flight (TOF) neutron 
diffraction are applied for texture analysis, while energy-dispersive X-ray synchrotron diffrac-
tion (EDXRSD) is used to measure the elastic lattice strain (εhkl) evolution during loading. 
These techniques are based on the Bragg equation, which is valid for X-ray and neutron dif-
fraction (Eq. 4.1). For a given 𝜆𝜆 changes of 2𝜃𝜃 result from changes of the lattice parameters 
and therefore, enable the calculation of εhkl, while texture analysis is based on changes of 
the reflection intensity as a function of the sample position (azimuthal angle φ and polar an-
gle Ψ) [Koc00, Ran00, Spi09]. 

4.5.1 Laboratory X-ray texture measurements 
X-ray texture measurements rely on the contribution of each crystallite, which fulfills the 
Bragg equation, within the gauge volume to the reflection intensity [Spi09]. Consequently, the 
measured intensity and the volume fraction of crystallites fulfilling the Bragg condition are 
coupled and can be measured as a function of the sample position. Laboratory X-ray texture 
analysis is usually performed using a 4-circle diffractometer. The goniometer moves the 
detector with respect to the X-ray beam into an appropriate 2𝜃𝜃 position and subsequently, 
the sample is positioned relative to the X-ray beam by two rotations φ and Ψ. While φ and Ψ 
are scanned in a regular mesh (e.g. in 5° steps) the intensity is recorded for each angle 
combination providing the intensity distribution of a reflection. Based on the intensity dis-
tribution of several reflections (at least 5 in case of hcp crystals) the orientation distribution 
function (ODF) respectively the texture can be calculated applying several corrections (e.g. 
background, defocussing correction) [Koc00, Spi09]. 

In this study monochromatic Co-Kα radiation was used to measure the intensity distribution of 
the reflections (101�0), (0002), (101�1), (101�2) and (112�0). In some cases the (101�3) reflection 
was measured, additionally, to back up the ODF calculation. The orientation distribution 
function was determined from the experimental data using the ODF program system [Bun93] 
and the Matlab software package MTEX [Bac10]. The recalculated textures are displayed in 
the form of inverse pole figures (IPF) using equal angular projections. Due to the generation 
of laboratory X-ray radiation using X-ray tubes, the penetration depth and the flux are cur-
rently limited. Therefore, bulk measurements and in-situ experiments require the use of other 
forms of radiation such as X-ray synchrotron radiation or neutron radiation. 

23 



Materials and characterization techniques 
 

4.5.2 Time-of-flight neutron diffraction for texture analysis 
In contrast to X-rays, neutrons interact with the nuclei of the atoms. The application of neu-
tron diffraction for bulk texture analysis has several advantages compared to X-rays particu-
larly low absorption, high angular resolution and large beam cross sections. Complete pole 
figures can be obtained without special sample preparation and the measured pole figures 
can be used for ODF calculations after background corrections. However, the neutron flux is 
significantly lower than the photon flux in synchrotron diffraction resulting in longer required 
exposure times [Koc00, Wen03, Rei08]. 

In this study the time-of-flight (TOF) diffractometer HIPPO (High-Pressure-Preferred Orienta-
tion) at LANSCE (Los Alamos Neutron Science Center) was used to conduct in-situ texture 
measurements during high temperature heat treatments of the alloy ME21. In order to com-
pensate the lower flux HIPPO is equipped with five banks of detector panels, which are ar-
range on rings (Fig 4.4) [Wen03]. A detailed description on the instrument and on the 
Rietveld texture analysis from TOF neutron diffraction data using the software MAUD (Mate-
rials Analysis Using Diffraction) can be found in [Wen03, Wen10]. 

 
Fig 4.4: Schematic of the HIPPO diffractometer with five banks of detector panels arranged on rings and 

pole figure coverage with 30 detectors for 2θ  = 150°, 90° and 40° without sample rotations [Wen03]. 

In this study as-extruded ME21 samples (l = 20 mm, Ø = 10 mm) were heated in a vacuum 
furnace (standard ILL furnace from AS Scientific) up 475 °C, 500 °C, 525 °C and 550 °C us-
ing a heating rate of 20 K/min. As the vapor pressure of Mg increases significantly at the an-
alyzed temperatures, sublimation of the sample is expected in vacuum [Kam00]. Therefore, 
the samples were encapsulated in a steel tube. The pole figure data collection started as 
soon as the desired annealing temperature was reached. Three sample rotations (ω = 0°;  
-67.5°; -90°) were used to compute one pole figure. The exposure time was 2 min for each 
rotation which results in a time resolution of ≈ 8 min. In order to confirm that the short expo-
sure times did not introduce artifacts during ODF calculations, additional measurements were 
performed prior to heating using exposure times of 10 min and 2 min. The obtained diffrac-
tion pattern were analyzed using the software MAUD (e.g. [Wen03, Wen10]), which applies 
the Rietveld method [Rie69], and the EWIMV texture method [Wen03, Wen10]. The first tex-
ture was refined manually for each temperature. Subsequently, the obtained parameters 
were used as starting parameters for successive measurements, which were evaluated using 
batch processing. Pole figures were recalculated based on the determined ODFs and visu-
alized in form of IPFs using MTEX [Bac10]. 

4.5.3 In-situ energy-dispersive X-ray synchrotron diffraction 
Based on its wide energy spectrum, brilliance, brightness and the orders of magnitude higher 
photon flux compared to conventional X-ray source, synchrotron radiation has become a 
powerful probe for the analysis of materials [Gen07]. In this study EDXRSD is used to 
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evaluate the εhkl evolution during tensile or compression loading. The experiments were 
conducted at the energy-dispersive diffraction beamline EDDI at the Berlin synchrotron 
BESSY II. The setup of the EDDI beamline and the experimental setup of the loading ex-
periments are depicted in Fig 4.5, a detailed description of the beamline can be found in 
[Gen07]. In contrast to monochromatic laboratory radiation, the EDDI beamline provides a 
white beam with a usable energy range in between about 15 keV and 150 keV [Gen07]. 

 
Fig 4.5: Setup of the EDDI beamline and schematic drawings of the tension / compression test station 

[Gen07, Hup11, Len13]. 

Using a fixed 𝜔𝜔 − 2𝜃𝜃 geometry and 𝐸𝐸 = ℎ𝑚𝑚 = ℎ𝑐𝑐𝜆𝜆−1 the Bragg equation can be rewritten: 

𝑑𝑑ℎ𝑘𝑘𝑘𝑘 =  
ℎ𝑐𝑐

2 sin𝜃𝜃
∙  

1
𝐸𝐸ℎ𝑘𝑘𝑘𝑘

 𝑤𝑤𝑤𝑤𝑤𝑤ℎ  
ℎ𝑐𝑐

2 sin𝜃𝜃
 =  𝑐𝑐𝑐𝑐𝑛𝑛𝑐𝑐𝑤𝑤.   (4.2) 

 
where ℎ is the Planck’s constant, 𝑐𝑐 the velocity of light, 𝐸𝐸ℎ𝑘𝑘𝑘𝑘 the diffraction line corresponding 
to 𝑑𝑑ℎ𝑘𝑘𝑘𝑘. Based on this equation the elastic lattice strain 𝜀𝜀ℎ𝑘𝑘𝑘𝑘,𝜑𝜑Ψ can be determined [Gen07]:  

𝜀𝜀ℎ𝑘𝑘𝑘𝑘,𝜑𝜑Ψ =  
𝑑𝑑ℎ𝑘𝑘𝑘𝑘,𝜑𝜑Ψ 

𝑑𝑑ℎ𝑘𝑘𝑘𝑘,𝜑𝜑Ψ0 − 1 =  
𝐸𝐸ℎ𝑘𝑘𝑘𝑘,𝜑𝜑Ψ 

𝐸𝐸ℎ𝑘𝑘𝑘𝑘,𝜑𝜑Ψ0 − 1 (4.3) 

 
As the present study analyzes elastic lattice strains resulting from an external load, 𝑑𝑑ℎ𝑘𝑘𝑘𝑘,𝜑𝜑Ψ0  
corresponds to the lattice plane spacing and 𝐸𝐸ℎ𝑘𝑘𝑘𝑘,𝜑𝜑Ψ0  to the diffraction line position prior to 
loading. The applied experimental setup is summarized in Table 4.3; the specimen geometry 
is given in Fig 4.1: 

Table 4.3: Applied experimental parameters. 
General settings Discontinuous lattice strain 

setup 
Continuous intensity and lattice 
strain setup 

Transmission mode 
Energy range 20 - 70 keV 
2Θ = 10.3° or 9.72° 
S1 and S2 were selected de-
pending on the grain size 
S1 = S2 = 1 x 1 mm² or 
S1 = S2 = 1 x 2 mm²  
S3 = S4 = 0.1 x 7 mm² 

2 - 11 Ψ-angles 
60 s exposure 
 
Texture scans (assuming ro-
tational symmetry) 
19 Ψ-angles 
30 s exposure 
 

Continuous loading using a dis-
placement rate of 0.001 mms-1 
5 s or 10 s exposure 
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While X-ray synchrotron radiation provides a high spatial resolution, the maximum spot size 
as well as the penetration depth are limited in comparison to neutrons. 

4.6 Elastoplastic self-consistent modeling 
EPSC is a computer code, which simulates the thermo-mechanical deformation behavior of 
polycrystalline aggregates. The original EPSC model is a small strain formulation predicting 
the evolution of internal stresses in polycrystal during deformation in the elastoplastic regime. 
The code takes the single crystal elastic, plastic and thermal properties as well as hardening 
of slip systems into account and enables direct comparison of the predicted evolution of 
elastic strains in subsets of grains oriented for contributing to diffraction along specific 
directions and measurements made using X-ray or neutron diffraction methods [Tom10]. The 
EPSC model was developed by Turner and Tomé [Tur94] and applies the Eshelby inclusion 
formalism to represent the interaction of each grain with the homogeneous effective medium, 
which represents the average properties of the bulk material. Neil et al. [Nei10] extended the 
originally small strain model to finite strains, including texture development due to slip, and 
thereby the model allows the prediction of the texture evolution by twinning and slip, the εhkl 
evolution and the flow curve.  

In order to predict the deformation behavior and εhkl evolution of Mg alloys during loading 
hardening models and twinning models are required. Within this study an empirical Voce 
hardening law [Tom84, Tom10] (ME21) and a dislocation based hardening law [Bey08, 
Kne13] were applied (WE54, L4, LA41). Furthermore, different twinning models, which will be 
introduced in sections 4.6.2 and 4.6.4, were used. 

4.6.1 Voce hardening law 
The extended Voce hardening law developed by Tomé et al. [Tom84] calculates the CRSS 
(𝜏𝜏𝑠𝑠) using the following equation [Cla08, Tom10]: 

𝜏𝜏𝑠𝑠 = 𝜏𝜏0𝑠𝑠 + (𝜏𝜏1𝑠𝑠 + 𝜃𝜃1𝑠𝑠Γ)(1 − exp�−
𝜃𝜃0𝑠𝑠Γ
𝜏𝜏1𝑠𝑠

 �) (4.4) 

 
with 𝜃𝜃0𝑠𝑠 and 𝜃𝜃1𝑠𝑠 being the initial and the final hardening rate, 𝛤𝛤 is the accumulated shear strain 
on the deformation mode and (𝜏𝜏0𝑠𝑠+𝜏𝜏1𝑠𝑠) is the back-extrapolated intercept of the final hardening 
rate at 𝛤𝛤 = 0 [Mur08, Tom10]. This empirical hardening model allows describing the high 
hardening rate observed at the onset of plasticity and its decrease towards a constant rate at 
large strains. Fig 4.6 illustrates the hardening for different parameter combinations [Tom10].  

 
Fig 4.6: Illustration of the effect of the hardening parameters on the hardening rate as a function of the 

accumulated strain. Redrawn using Eq. 4.4 [Tom10]. 
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The empirical Voce hardening law has the advantage that it allows easy interpretation of the 
used parameters and is widely-used in numerous publications dealing with deformation be-
havior of Mg alloys (e.g. [Agn01, Agn03, Agn06a, Cla08, Mur08, Mur10a, Wan10, Agn13]). 

4.6.2 Finite initial fraction and continuity twin model 
Clausen et al. [Cla08] developed two twinning schemes namely a ‘continuity’ approach and 
the ‘FIF’ (finite initial fraction) assumption. The continuity assumption applies continuity con-
ditions for strains 𝜀𝜀 and stresses 𝜎𝜎 across the twin boundary: 

𝜀𝜀11
el,parent =  𝜀𝜀11

el,twin, 𝜀𝜀22
el,parent =  𝜀𝜀22

el,twin,  𝜀𝜀12
el,parent =  𝜀𝜀12

el,twin (4.5) 
𝜎𝜎33
parent =  𝜎𝜎33twin, 𝜎𝜎23

parent =  𝜎𝜎23twin, 𝜎𝜎13
parent =  𝜎𝜎13twin (4.6) 

 
where the local coordinate system is defined with axis 1 along the shear direction of the twin 
system and the 3 direction along the twin plane normal. The ‘FIF’ scheme assumes that twin 
nucleation is accompanied by twin growth up to a finite initial fraction resulting in an excess 
of plastic strain, which generates a back-stress between the parent and the twin. Thereby, 
this model is capable of modeling the repeatedly observed back-stress in the measured εhkl. 
Both implemented twin schemes allow the EPSC code to predict the texture evolution by 
twinning and slip, the εhkl evolution and the flow curve [Cla08]. 

4.6.3 Dislocation based hardening law 
Within the dislocation based hardening model the evolution of slip resistance is calculated 
using the equation: 

𝜏𝜏𝑠𝑠 = 𝜏𝜏0,𝑓𝑓
𝑠𝑠 + 𝜏𝜏𝐻𝐻𝐻𝐻𝑠𝑠 + 𝜏𝜏𝑓𝑓𝑓𝑓𝑓𝑓𝑠𝑠 + 𝜏𝜏𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  (4.7) 

 
where 𝜏𝜏0,𝑓𝑓

𝑠𝑠  is the friction stress (dependent on the Peierls stress, precipitates and the initial 
content of dislocation debris), 𝜏𝜏𝐻𝐻𝐻𝐻𝑠𝑠  a barrier effect term (dependent on dg, discussed in sec-
tion 4.6.4), 𝜏𝜏𝑓𝑓𝑓𝑓𝑓𝑓𝑠𝑠  a forest dislocation interaction stress (dependent on a spatial random 
distribution of stored dislocations) and 𝜏𝜏𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  a dislocation substructure interaction stress (de-
pendent on non-random or ordered distribution of stored dislocations). The evolution of 𝜏𝜏𝑓𝑓𝑓𝑓𝑓𝑓𝑠𝑠  
and 𝜏𝜏𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  is determined by the evolution of the forest dislocation 𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓𝑠𝑠  and the substructure 
𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝛼𝛼  dislocation densities [Bey08, Kne13]. The effect of 𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓𝑠𝑠  can be calculated by a Taylor 
law [Mec81, Bey08, Kne13]: 

𝜏𝜏𝑓𝑓𝑓𝑓𝑓𝑓𝑠𝑠 = 𝜒𝜒𝑠𝑠𝑏𝑏𝑠𝑠𝜇𝜇𝑠𝑠�𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓𝑠𝑠  (4.8) 

 
with 𝜒𝜒𝑠𝑠 = 0.9 being a dislocation interaction parameter, 𝑏𝑏𝑠𝑠 the magnitude of the Burgers vec-
tor and 𝜇𝜇𝑠𝑠 the shear modulus. The contribution of 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠 to the hardening can be calculated via 

𝜏𝜏𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =  𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑏𝑏𝑠𝑠𝜇𝜇𝑠𝑠�𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠 log �
1

𝑏𝑏𝑠𝑠𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠
� (4.9) 

 
where 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠 = 0.086 is an empirical parameter that recovers the Taylor law for low substruc-
ture dislocation densities [Mad02, Bey08, Kne13]. The evolution of 𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓𝑠𝑠  results from the 

competition between the rate of storage 
𝜕𝜕𝜌𝜌𝑔𝑔𝑔𝑔𝑔𝑔,𝑓𝑓𝑓𝑓𝑓𝑓

𝑠𝑠

𝜕𝜕𝛾𝛾𝑠𝑠
 and the rate of dynamic recovery 

𝜕𝜕𝜌𝜌𝑓𝑓𝑔𝑔𝑟𝑟,𝑓𝑓𝑓𝑓𝑓𝑓
𝑠𝑠

𝜕𝜕𝛾𝛾𝑠𝑠
:  

𝜕𝜕𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓
𝑠𝑠

𝜕𝜕𝛾𝛾𝑠𝑠
=

𝜕𝜕𝜌𝜌𝑔𝑔𝑔𝑔𝑔𝑔,𝑓𝑓𝑓𝑓𝑓𝑓
𝑠𝑠

𝜕𝜕𝛾𝛾𝑠𝑠
−

𝜕𝜕𝜌𝜌𝑓𝑓𝑔𝑔𝑟𝑟,𝑓𝑓𝑓𝑓𝑓𝑓
𝑠𝑠

𝜕𝜕𝛾𝛾𝑠𝑠
= 𝑘𝑘1𝑠𝑠�𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓𝑠𝑠 − 𝑘𝑘2𝑠𝑠(𝜀𝜀̇,𝑇𝑇)𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓𝑠𝑠 , (4.10)  
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∆𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓𝑠𝑠 =  
𝜕𝜕𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓𝑠𝑠

𝜕𝜕𝛾𝛾𝑠𝑠
|∆𝛾𝛾𝑠𝑠| 

 
with 𝛾𝛾𝑠𝑠 being the shear, 𝑘𝑘1𝑠𝑠 a rate-insensitve coefficient for dislocation storage by statistical 
trapping of gliding dislocations by forest obstacles and 𝑘𝑘2𝑠𝑠 a rate-sensitive coefficient that 
accounts for dynamic recovery by thermally activated mechanisms [Bey08, Kne13]. Accord-
ing to Beyerlein et al. [Bey08] 𝑘𝑘2𝑠𝑠 can be calculated by: 

𝑘𝑘2𝑠𝑠

𝑘𝑘1
𝑠𝑠 = 𝜒𝜒𝑠𝑠𝑠𝑠𝑠𝑠

𝑔𝑔𝑠𝑠
(1 − 𝑘𝑘𝑘𝑘

𝐷𝐷𝑠𝑠𝑠𝑠3
ln ( �̇�𝜀

�̇�𝜀0
)) (4.11) 

 
where 𝑘𝑘 is the Boltzmann constant, 𝜀𝜀0̇ = 1 x 107 s-1 a reference strain rate, 𝑔𝑔𝑠𝑠 an effective 
activation enthalpy and 𝑆𝑆𝑠𝑠 a drag stress [Bey08, Kne13]. In the model the rate of substruc-
ture development is coupled with rate of recovery of all active dislocations: 

∆𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠 = �𝑞𝑞𝑠𝑠𝑏𝑏𝑠𝑠
𝜕𝜕𝜌𝜌𝑓𝑓𝑟𝑟𝑟𝑟,𝑓𝑓𝑓𝑓𝑓𝑓

𝑠𝑠

𝜕𝜕𝛾𝛾𝑠𝑠
𝑠𝑠

|∆𝛾𝛾𝑠𝑠| (4.12) 

 
where 𝑞𝑞𝑠𝑠 is a dislocation recovery rate coefficient defining the fraction of dislocations that do 
not annihilate and become substructure [Kne13]. 

4.6.4 Composite grain based twinning model and related barrier effects 
Within the dislocation based hardening model twinning is described by the composite grain 
model [Pro07] using the FIF (= 0.015) assumption, where the twin system with the highest 
shear-rate among all active twin systems is identified in each grain and selected as predomi-
nant twin system (PTS = 0.05). Subsequently, the grain is subdivided into a stack of ellip-
soids having the crystallographic orientation of the predominant twin and of the matrix, re-
spectively. If more shear is realized by the twin, volume fraction is transferred from parent to 
twin and the ellipsoids representing the twin thickening and the parent shrinking [Pro07, 
Kne13]. In case of twinning 𝜏𝜏𝑡𝑡 is calculated via: 

𝜏𝜏𝑡𝑡 = 𝜏𝜏0𝑡𝑡 + 𝜇𝜇𝑡𝑡�𝐶𝐶𝑠𝑠𝑡𝑡𝑏𝑏𝑡𝑡𝑏𝑏𝑠𝑠𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓𝑠𝑠

𝑡𝑡

+ 𝜏𝜏𝐻𝐻𝐻𝐻𝑡𝑡  (4.13) 

 
where 𝜇𝜇𝑡𝑡, 𝐶𝐶𝑠𝑠𝑡𝑡 and 𝑏𝑏𝑡𝑡 = 5.54 x 10-11m are the elastic shear modulus on the system, the latent 
hardening matrix and the magnitude of the Burgers vector of a given twin [Opp12, Kne13]. 
The barrier effects 𝜏𝜏𝐻𝐻𝐻𝐻𝑡𝑡  and 𝜏𝜏𝐻𝐻𝐻𝐻𝑠𝑠  are calculated using HP like equations: 

𝜏𝜏𝐻𝐻𝐻𝐻𝑠𝑠 = 𝜇𝜇𝑠𝑠𝐻𝐻𝐻𝐻𝑠𝑠�
𝑠𝑠𝑠𝑠

𝑑𝑑𝑔𝑔
                              without twins (4.14) 

𝜏𝜏𝐻𝐻𝐻𝐻_𝑟𝑟𝑓𝑓𝑚𝑚
𝑠𝑠 = 𝜇𝜇𝑠𝑠𝐻𝐻𝐻𝐻𝑠𝑠𝑡𝑡�

𝑠𝑠𝑠𝑠

𝑑𝑑𝑟𝑟𝑓𝑓𝑚𝑚
𝑠𝑠,𝑃𝑃𝑃𝑃𝑃𝑃                             with twins (4.15) 

𝜏𝜏𝐻𝐻𝐻𝐻𝑡𝑡 =  𝐻𝐻𝐻𝐻
𝑡𝑡𝑡𝑡

�𝑑𝑑𝑔𝑔
                                         without twin (4.16) 

𝜏𝜏𝐻𝐻𝐻𝐻_𝑟𝑟𝑓𝑓𝑚𝑚
𝑡𝑡 = 𝐻𝐻𝐻𝐻𝑃𝑃𝑇𝑇

𝑡𝑡𝑡𝑡

�𝑑𝑑𝑟𝑟𝑓𝑓𝑚𝑚
𝑠𝑠,𝑃𝑃𝑃𝑃𝑃𝑃

                                         with twins (4.17) 

 

where 𝐻𝐻𝐻𝐻 are Hall-Petch terms, 𝑑𝑑𝑔𝑔 the initial grain size and 𝑑𝑑𝑟𝑟𝑓𝑓𝑚𝑚 the mean free path 
calculated based on the separation between twin lamellas [Bey08, Opp12]. In Mg TTW 
boundaries are not expected to introduce effective barriers for dislocations [Cap09a, Kne10, 
Opp12] and hence, were not considered as barriers in the simulations. 
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5. Results 

5.1 ME21 

5.1.1 Extrusion billets 
Fig 5.1 displays a macrosection and a micrograph of a homogenized ME21 extrusion billet, 
which illustrate the dg and precipitates, respectively. The billet features a coarse grain micro-
structure and precipitates of two different size scales. According to [Hup10a] and [Gal12] the 
coarse precipitate fraction predominantly corresponds to the Mg12Ce phase, while the fine 
precipitates are Mn. 

 
Fig 5.1: a) Macrosection of a homogenized ME21 cast billet, b) micrograph illustrating coarse Mg12Ce and 

fine Mn precipitates within the billet.  

5.1.2 Extrusion products 
Within this study several extrusion trials were conducted to analyze the effect of the TB, the R 
and the cooling conditions on the microstructure, texture and mechanical properties (cf. 
Table 5.1). All billets were homogenized using a temperature of 400 °C and a dwell time of 
12 h. The resulting microstructure and texture will be shown below. 

Table 5.1: Summary of the applied extrusion parameters. 
Extrusion TB, 

°C 
R Product speed, 

m/min 
Cooling Peak force, 

MN 
A 450 41 : 1 1.7 air 4.1 
B 450 41 : 1 1.7 water 4.1 
C 500 41 : 1 1.7 air 3.3 
D 500 41 : 1 1.7 water 3.3 
E 500 25 : 1 1.7 air 2.5 
F 550 41 : 1 1.7 air 2.6 
G 500 71 : 1 1.7 air 2.6 
H 450 71 : 1 1.7 air 4.6 
 

5.1.2.1 Microstructure and texture 
The ME21 extrusions feature a recrystallized largely homogeneous microstructure. Very oc-
casionally larger grains were observed, which are elongated parallel to the ED (Fig 5.2). Fig 
5.3 and Table 5.2 summarize the effect of different extrusion parameters on the average dg 
of the ME21 extrusions. Increasing TB and air cooling result in increasing average dg. How-
ever, increasing R do not show an unambiguous trend. The comparison of the extrusions C, 
E and F (500 °C, air cooling) displays a minimal average dg using R 41 : 1. The smallest dg 
was obtained using TB = 450 °C, R 41 : 1 and air cooling.  
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Fig 5.2: Exemplary micrographs illustrating the effect of extrusion parameters on the dg. 

 
Fig 5.3: Histograms showing the effect of the extrusion parameters on dg: a) Effect of TB, b) effect of R. 

Table 5.2: Applied extrusion parameters and resulting average dg (µm). The standard deviation of the log-
normal distribution is approximately 0.5 µm. 

TB, cooling ME21 
R 25 : 1 R 41 : 1 R 71 : 1 

450 °C, air - 6 11 
450 °C, water - 5 - 

500 °C, air 16 9 14 
500 °C, water - 6 - 

550 °C, air - 20 - 
 
The observed textures are similar to previously reported ME21 extrusion textures [Hup10a, 
Hup11] and summarized in Fig 5.4: 

 
Fig 5.4: Measured extrusion texture (IPF || ED). 
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In contrast to conventional Mg alloy extrusions, which usually feature <101�0>, <112�0> or 
<101�0>/<112�0> fiber textures, the investigated alloy exhibits weak textures containing RE 
texture components. High R result in a shift of the maximum intensity towards the <101�1> 
component, while increasing TB and reduced cooling rates promote <112�1> and <112�2> 
orientations. Water cooling sharpens the texture.  

5.1.3 Heat treatments 
Based on the investigation of Brömmelhoff et al. [Brö11], which indicates a remarkable in-
crease of the elongation to failure in uniaxial compression tests of heat treated (T > 475 °C) 
ME21 extrusions the following high temperature heat treatments were conducted using the 
extruded bar B, which features the smallest dg (Table 5.2). 

• 5 min to 24 h at 475 °C  
• 5 min to 10 h at 500 °C 
• 5 min to 10 h at 525 °C 
• 5 min to 10 h at 550 °C 

5.1.3.1 In-situ TOF neutron diffraction 
In order to investigate the kinetics of the texture evolution in-situ TOF neutron diffraction ex-
periments were conducted. The texture evolution is illustrated in Fig 5.5, which reveals a fast 
transition to an enhanced RE texture component at the time scale of minutes, if the anneal-
ing temperature ≥ 475 °C. At temperatures ≥ 500 °C the maximum density has shifted to the 
RE texture component during the data collection of the first evaluable data set (using only 
one ω rotation). Subsequently, there are no qualitative changes of the texture and minor 
changes of the maximum intensity. 

 
Fig 5.5: Time resolved analysis of the texture development (IPF || ED) determined via TOF neutron diffrac-

tion. 

At 475 °C the texture evolution is decelerated. Here, a gradual shifting of the maximum den-
sity towards the RE texture component is observed. Between 320 s and 8 min the maximum 
density spreads out towards the RE texture component, which becomes dominant at dwell 
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times ≥ 16 min. While previous studies [Brö11, Len13] examined dwell times ≥ 1 h, the pres-
ent results show that significantly shorter dwell times are required to obtain equivalent tex-
tures. However, it was shown that a homogeneous microstructure is required in addition to 
the favorable texture to generate optimal elongations to failure [Len13]. Therefore, EBSD 
measurements were conducted to analyze microstructure and microtexture evolution. 

5.1.3.2 Microstructure and texture 
Post-mortem EBSD investigations were conducted after 5 min and 10 h annealing. The cor-
responding EBSD maps are displayed in Fig 5.6 and Fig 5.7, while Fig 5.8 analyses the 
changes of the dg distribution using histograms. Fig 5.9 illustrates the corresponding 
macrotextures, which were extracted from the EBSD maps. The determined IPFs confirm the 
above TOF neutron diffraction results. These results will be discussed below. 

 
Fig 5.6: EBSD maps showing the microstructure after 5 min annealing (cross-section): a) 475 °C, b)  

500 °C, c) 525 °C, d) 550 °C. 

As might be expected from the TOF neutron diffraction results the grain growth rate de-
creases significantly using annealing temperature below 500 °C. In addition, Fig 5.6 a) and 
Fig 5.7 a) reveal a bimodal microstructure, which also has been reported in [Brö11, Len13], 
where a part of the grains grows significantly, while the majority of the grains feature a very 
low dg. The comparison of Fig 5.6 and Fig 5.7 indicates that abnormal grain growth (AGG) 
occurs during the early stage of the annealing treatments, which is quantified using histo-
grams in Fig 5.8. After 5 min coarse grains have formed being surrounded by a matrix of fine 
grains. These coarse grains reveal AGG, which proceeds up to 10 h annealing (Fig 5.7), 
where a variety of very coarse grains has formed, while the fine grained (FG) fraction fea-
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tures a much lower growth rate. Here, it should be noted that the abnormal growth is not lim-
ited to grains of a single orientation. 

 
Fig 5.7: EBSD maps showing the microstructure after 10 h annealing (cross-section): a) 475 °C, b) 500 °C, 

c) 525 °C, d) 550 °C. 

 
Fig 5.8: Histograms of the dg: a) 475 °C, b) 500 °C, c) 525 °C, d) 550 °C. 

33 



Results 
 

Increasing annealing temperatures cause an acceleration of the grain growth, which is cor-
related to the swiftness of the texture evolution at temperatures ≥ 500 °C. Even more im-
portant, the AGG is gradually replaced by continuous grain growth (CGG) producing a more 
homogeneous microstructure. At 500 °C AGG and CGG are competing mechanisms; the dg 
is more uniform than at 475 °C, although two dg fractions were observed. At 525 °C CGG is 
more pronounced than AGG. The microstructure is relatively homogeneous in the early and 
the final stage of the annealing treatment. However, the dg distribution (Fig 5.8 c) remains 
relatively broad indicating different growth rates within the sample. Using an annealing tem-
perature of 550 °C CGG is dominant. This temperature results in a high grain growth rate 
generating a homogeneous dg distribution within 5 min. Due to the increased grain growth 
rate and the more homogeneous growth a largely stable microstructure is formed. The grain 
growth between 5 min and 10 h is limited and hence appears to saturate. The obtained his-
togram (Fig 5.8 d) exhibits a much narrower dg distribution than the other samples (particu-
larly 475 °C and 500 °C). Furthermore, the final average dg is similar to those at lower an-
nealing times and smaller than the large grain fraction of the 475 °C annealed samples. 

Post-mortem EBSD analysis of the heat treated samples did not reveal any correlation be-
tween the grain orientation or particular misorientation relations and abnormal growth of 
grains. To gain insight into the generation of AGG quasi-in-situ EBSD experiments were 
performed, where the same sample area was investigated before and after a 45 min 475 °C 
heat treatment (Fig 5.10). 

 
Fig 5.9: Texture evolution determined from the recorded EBSD data (cf. Fig 5.6, Fig 5.7). 

Fig 5.10 a) and b) illustrate the procedure, which was used to relocate the mapped area after 
the heat treatment, as an external furnace was used for the heat treatment. After the heat 
treatment the sample was chemically polished to enable reliable EBSD pattern acquisition. In 
addition, to the visible hardness indent a further mark was placed at one edge of the sample 
(not shown) to realign the cylindrical sample within the SEM. After the first EBSD measure-
ment contamination was visible demarking the mapped area. This contamination endured the 
heat treatment as well as subsequent chemical polishing and enabled an accurate realign-
ment within the SEM. Fig 5.10 c) and d) display the corresponding EBSD maps, where Fig 
5.10 c) exhibits the as-extruded microstructure and d) the same area after the heat treat-
ment. Fig 5.10 e) and f) depict Fig 5.10 c) in terms of the recrystallized fraction and internal 
misorientation. A small x - y translation between the two maps could not be avoided. There-
fore, several grains are marked using numbers to facilitate the interpretation.  

The comparison of Fig 5.10 c) and d) reveals that AGG cannot be solely attributed to a size 
advantage favoring the growth of preexisting large grains. Grain 1 and grain 2 are larger than 
the surrounding grains, however, the EBSD analysis reveals growth of grain 2 while the area 
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of grain 1 is reduced. In addition, many larger grains feature CGG. As has been stated above 
neither grain orientation nor special intergranular misorientation relations could be associated 
to AGG. Fig 5.10 e) reveals that the microstructure contains a significant fraction of substruc-
tured grains, although DRX has consumed the deformed cast microstructure and has pro-
duced a fine microstructure. In addition, Fig 5.10 f) reveals significant internal misorientations 
within several grains particularly in grain 3. The comparison of Fig 5.10 c) - d) shows that 
AGG occurs within grain 3 and its surroundings. 

 
Fig 5.10: Quasi-in-situ EBSD analysis of a 45 min 475 °C heat treatment. a), b) SEM images illustrating the 

mapped area: a) after data collection, b) after annealing and chemical polishing. White arrows mark the 
mapped area. The hardness indent was used to relocate the mapped area and to align the sample within 

the SEM. c) IPF map (as-extruded), d) IPF map (annealed). e) EBSD map representing recrystallized (blue), 
substructured (yellow) and deformed (red) grains (as-extruded); f) internal misorientation map (as-

extruded). High angle grain boundaries (> 10°) = green. The brightness of the red color is proportional to 
the internal misorientation. Numbers are used to label various grains before and after annealing. 

In order to analyze the deformation behavior of extruded and annealed samples in detail an 
as-extruded (extrusion B), a 24 h 475 °C and a 1 h 550 °C sample were analyzed using in-
situ EDXRSD and EPSC simulations, whose microstructure is analyzed below.  
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The initial microstructure of the as-extruded and the heat treated samples is represented in 
the longitudinal section in Fig 5.11. The as-extruded material is dominated by a FG recrystal-
lized microstructure. However, some large grains appear in the micrographs, which are elon-
gated parallel to ED. As expected from the above described results and [Brö11], the 24 h  
475 °C sample features a bimodal microstructure, while the 550 °C sample exhibits a rather 
homogeneous dg. In order to evaluate effects of the heat treatments on precipitates SEM (Fig 
5.12) and TEM (Fig 5.13) investigations were conducted. As reported by Huppmann et al. 
[Hup10a] the precipitates are dominated by a relatively coarse Mg12Ce phase and substanti-
ally finer precipitates consisting mainly of Mn.  

 
Fig 5.11: Longitudinal section of the initial microstructure: a) as-extruded, b) 24 h 475 °C, c) 1 h 550 °C, d) 

dg distribution [Len13]. 

 
Fig 5.12: SEM images of the coarse precipitate fraction (mainly Mg12Ce): a) as-extruded, b) 24 h 475 °C, c) 

1 h 550 °C, d) comparison of the precipitation density and size [Len13]. 
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Fig 5.13: TEM images of the fine precipitate fraction: a) as-extruded, b) 24 h 475 °C, c) 1 h 550 °C, d) 

comparison of the precipitate size distribution [Len13]. 

Both heat treatments result in very similar size distributions of the large precipitates lowering 
the number of precipitates by dissolution as well as shifting it to slightly higher equivalent 
diameters. The TEM (Fig 5.13) investigations show that the size distribution and the density 
of the fine Mn containing precipitates are strongly affected by the heat treatments. The 
maximum of the size distribution is shifted to approximately 2 times higher equivalent diam-
eters. Furthermore, both heat treatments cause a significant decrease of number densities of 
the small scale precipitates. The texture evolution is consistent with the above described 
evolution, however, in case of the 24 h 475 °C sample the <112�0> texture component is 
more enhanced than the <112�1> texture component. 

 
Fig 5.14: Comparison of the extrusion and annealing textures: a) as-extruded, b) 24 h 475 °C c) 1 h 550 °C.  

5.1.4 Mechanical properties 
The above described microstructural modifications generate significant changes of the me-
chanical properties, which will be analyzed in terms of the macroscopic flow curves, the mi-
crostructural and texture development during deformation and EPSC simulations.  

5.1.4.1 Flow curves 
In order to analyze the effect of the microstructure on the mechanical properties and the de-
formation behavior, uniaxial tension and compression tests were conducted. The corre-
sponding flow curves are displayed as a function of the extrusion parameters in Fig 5.15 and 
Fig 5.16, while the resulting CYS, TYS and SDE are summarized in Table 5.3. Here, it 
should be noted that dg effects and texture effects on the mechanical properties are superim-
posed complicating a direct correlation to the mechanical properties. 
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Fig 5.15: Flow curves of the extruded bars tested in uniaxial compression and tension. 

The initial textures result in a significant yield asymmetry (SDE), where the CYS is generally 
lower than the TYS (cf. Table 5.3). In compression the samples feature the well-known 
sigmoidal shape, which is associated to the extensive activation of TTW-ing [Kel68, Kha11, 
Len14a], while the tension flow curves display no signs of twinning. It will be shown in section 
5.1.4.2 that TTW-ing is indeed activated to a large extent during compression. As expected, 
the comparison of Table 5.2 and Table 5.3 reveals a significant dg dependence of both CYS 
and TYS, where large average dg result in low yield stresses. In addition, small dg appear to 
lower the yield anisotropy generating lower SDE values. The highest strength was observed 
in the FG extrusion B (450 °C, R = 41 : 1 and water cooling). 

Fig 5.16 illustrates the remarkable effect of high temperature heat treatments on the me-
chanical properties of extruded ME21 alloys. While short term heat treatments (Fig 5.16 a)) 
predominantly lower the strength and generate only minor improvements of the ductility, a 
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1 h 550 °C heat treatment results in a remarkable increase of the elongation to failure in 
compression. However, in tension the elongation to failure is in the same range like the as-
extruded materials (Fig 5.15). Here, it should be noted that the 24 h 475 °C annealed sample 
features a particular low elongation to failure in tension. 

 
Fig 5.16: Flow curves of heat treated extrusion B: a, b) compression; c) tension. (a) displays the effect of 

short term heat treatments, while b) and c) illustrate the effect of long dwell times). 

Table 5.3: Tension compression yield asymmetry specified by the CYS, TYS and SDE of the extruded 
bars. The error of CYS and TYS is below 5 MPa. 

TB, cooling ME21 
R 25 : 1 R 41 : 1 R 71 : 1 

CYS, 
MPa 

TYS, 
MPa 

SDE, 
- 

CYS, 
MPa 

TYS, 
MPa 

SDE, 
- 

CYS, 
MPa 

TYS, 
MPa 

SDE, 
- 

450 °C 
air - - - -135 159 -0.16 -113 115 -0.02 

450 °C 
water - - - -159 180 -0.12 - - - 

500 °C 
air -88 124 -0.34 -103 143 -0.33 -105 125 -0.17 

500 °C 
water - - - -130 154 -0.17 - - - 

550 °C 
air - - - -85 108 -0.24 - - - 

24 h  
475 °C - - - -85 140 -0.49 - - - 

1 h  
550 °C - - - -82 100 -0.20 - - - 

 
In order to analyze the underlying deformation mechanism causing the flow curves the de-
formed microstructure was analyzed using optical microscopy, EBSD and XRD texture anal-
ysis. 

5.1.4.2 Deformed microstructure 
Fig 5.17 exemplary displays the microstructural evolution during uniaxial compression of 
extrusion F. At low strains (εe = -5 %) the deformation behavior is dominated by TTW-ing. 
The majority of the grains contain at least one TTW. These appear as red lamella in the 
EBSD maps. Furthermore, TTW boundaries are highlighted (red) in the band contrast (BC) 
maps. Those few grains, which do not contain any TTW correspond to orientations featuring 
a low SF for TTW-ing and a high SF for <a> basal slip (e.g. <112�2>). The importance of 
TTW-ing in this stage of deformation is further illustrated in Fig 5.18 using the MDFs; the vast 
majority of the high angle grain boundaries corresponds to TTW boundaries (Fig 5.18 a)).  

During further compression the parent microstructure is successively overtaken by the 
TTWs, which manifests in the predominance of the red color in the IPF maps, the decreasing 
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number of TTW boundaries, the enhancement of the <0002> texture component, the de-
creasing relative frequency of the ≈ 86° grain boundaries and the increasing relative fre-
quency of TTW-TTW intersections (Fig 5.18 c)). 

 
Fig 5.17: EBSD maps, BC maps highlighting twin boundaries (86° <112�0> = red, 56° <112�0> = yellow, 

38° <112�0> = green, 30° <112�0> = blue) and IPFs of compression samples (extrusion F) [Len14c].  

However, as the parent microstructure is overtaken by TTW-ing, this deformation mode is in-
creasingly exhausted and hence, other deformation modes are required for strain accommo-
dation. The comparison of εe = -10 %, εe = -12 % and εe = -18 % maps indicate that TTW-ing 
is largely exhausted between εe = -10 % and εe = -12 %. Subsequently, no significant twin-
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ning activity (including CTW-ing and DTW-ing) was observed. Therefore, the deformation 
has to be realized by slip modes. 

 
Fig 5.18: MDFs: a) strain (ε) = -5 %, b) ε = -10 %, c) ε = -12 %, d) ε = -18 %. The insets show the distribution 

of the rotation axis for characteristic angular ranges. 86° <112�0> = red, 56° <112�0> = yellow [Len14c]. 

In order to analyze the deformation behavior of heat treated samples a combination of optical 
microscopy and XRD texture analysis was applied. Fig 5.19 illustrates the deformed micro-
structure in terms of optical micrographs, while Fig 5.20 exhibits the corresponding IPFs. In 
agreement with the above EBSD investigation, the as-extruded and the heat treated samples 
feature a high TTW-ing activity. The optical micrographs reveal many TTW lamellas, which 
can be correlated to TTWs by the sudden appearance of the <0002> texture component. The 
<0002> intensity is generated by a ≈ 86° rotation about <112�0> axes of the parent grains 
(predominantly <101�0> and <112�0> texture components). An important feature of the micro-
graphs at εe = -6 % is that several grains are extensively twinned while other surrounding 
grains do not show any signs of TTW-ing. This feature is most noticeable in case of the heat 
treated samples and reflects the enhancement of the slip activity due to the promoted RE 
texture component. The activity of slip systems becomes visible by the gradual shift of the 
RE texture component to the inside close to the <112�2> texture component (εe = -6 %). At 
higher strain some residual TTWs were observed, however, secondary twinning was not ob-
served in a notable amount. Consequently, the further texture evolution is solely based on 
grain rotation due to crystallographic slip and hence, limited.  

Likewise, texture changes are gradual and more continuous in case of tension tests, where 
TTW-ing is omitted due to the initial texture. Here, crystallographic slip results in the en-
hancement of the <101�0> or <112�0> texture fibers. 
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Fig 5.19: Cross sections of compression samples: as-extruded (extrusion B): a) ε = -6 %, b) εfr,c;  

24 h 475 °C: c) ε = -6 %, d) ε = -20 %, e) εfr,c; 1 h 550 °C: f) ε = -6 %, g) ε = -27 %, h) εfr,c [Len13]. 

 
Fig 5.20: IPFs as a function of the strain: a) as-extruded (extrusion B), b) 24 h 475 °C, c) 1 h 550 °C, d) as-
extruded: ε = -6 %, e) 24 h 475 °C: ε = -6 %, f) 1 h 550 °C: ε = -6 %, g) 24 h 475 °C: ε = -20 %, h) 1 h 550 °C:  

ε = -27 %, i) as-extruded: elongation to failure – compression (εfr,c), j) 24 h 475 °C: εfr,c, k) 1 h 550 °C: εfr,c, l) 
as-extruded: elongation to failure – tension (εfr,t), m) 24 h 475 °C: εfr,t, n) 1 h 550 °C: εfr,t [Len13]. 
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5.1.4.3 EPSC simulations 
In order to determine the active deformation modes underlying the remarkably improved 
formability of 1 h 550 °C annealed samples, in-situ EDXRSD experiments were conducted 
during uniaxial compression and tension tests. The acquired data was evaluated using the 
EPSC model and applying the Voce hardening law. The applied hardening parameters 
(Table 5.4) were obtained from modelling the flow curves, the εhkl evolution and the texture 
evolution. Fig 5.21 displays the experimental and the simulated flow curves and εhkl as well 
as the predicted deformation mode activity during compression, while Fig 5.22 illustrates the 
corresponding tension data. Fig 5.23 exhibits the predicted texture evolution, which is in 
good agreement with the measured texture evolution (Fig 5.20).  

The applied hardening parameters (Table 5.4) are in the order of those previously used for 
Mg alloys (Table 2.3). As expected the applied 𝜏𝜏0𝑠𝑠 generally increase in the order <a> basal < 
<a> prismatic < <c+a> pyramidal slip. While a larger dg results in a lower 𝜏𝜏0𝑠𝑠 the work harden-
ing increases in coarse grained (CG) materials. The CRSS of TTW-ing is in the range of <a> 
prismatic slip and the hardening parameters 𝜏𝜏1𝑠𝑠, 𝛩𝛩0𝑠𝑠  and 𝛩𝛩1𝑠𝑠 of TTW-ing were set to zero, as it 
is generally assumed that TTW-ing requires a higher stress for nucleation than for growth in 
case of Mg alloys. 

Table 5.4: Hardening parameter of the Voce hardening law (FIF = 0.001) [Len13]. 

Deformation mode As-extruded 24 h 475 °C 1 h 550 °C 
 𝝉𝝉𝟎𝟎𝒔𝒔  𝝉𝝉𝟏𝟏𝒔𝒔  𝜣𝜣𝟎𝟎

𝒔𝒔  𝜣𝜣𝟏𝟏
𝒔𝒔  𝝉𝝉𝟎𝟎𝒔𝒔  𝝉𝝉𝟏𝟏𝒔𝒔  𝜣𝜣𝟎𝟎

𝒔𝒔  𝜣𝜣𝟏𝟏
𝒔𝒔  𝝉𝝉𝟎𝟎𝒔𝒔  𝝉𝝉𝟏𝟏𝒔𝒔  𝜣𝜣𝟎𝟎

𝒔𝒔  𝜣𝜣𝟏𝟏
𝒔𝒔  

<a>-basal 15 5 10 0 1 10 65 0 1 10 40 0 

<a>-prismatic 72 38 135 0 35 36 420 0 42 48 360 0 

<c+a>-pyramidal 85 130 900 0 52 102 1350 0 54 117 1950 0 

TTW-ing 76 0 0 0 41 0 0 0 38 0 0 0 

 

As the hardening parameters are by far the lowest for the <a> basal slip systems the εhkl of 
the (101�1) and the (101�2) orientated grains, which are favorably orientated for <a> basal slip 
show the lowest εhkl. The (101�0) and the (112�0) reflections representing grains, which are 
favorably orientated for TTW-ing and <a> prismatic slip, show significantly higher εhkl as 
these deformation modes require higher CRSS to be activated. Based on the diffraction ge-
ometry and the initial texture the (0002) reflection is not present during tension tests, how-
ever, in compression the activation of TTW-ing orientates grains in such a way that they fulfill 
the Bragg condition generating a (0002) reflection. Consequently, the εhkl can be evaluated 
once a sufficient amount of TTWs has formed. The absence of the reflection prior to defor-
mation results in a large uncertainty of the absolute value of the εhkl of the twinned grains. 
Nevertheless, the qualitative evolution of the measured εhkl is in good agreement with the 
simulation. As the grains represented by the (0002) reflection are aligned with their c-axes 
parallel to the compression axis, <c+a> pyramidal slip (the hardest deformation mode) has to 
be activated to a significant extent within these TTWs resulting in pronounced (geometric) 
hardening and high εhkl. In case of the heat treated samples TTW-ing of the RE texture 
component generate an additional (101�3) reflection, which features a higher SF for <a> basal 
slip than grains corresponding to the (0002) reflection and hence the (101�3) εhkl are lower.  
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Fig 5.21: EPSC simulation of the flow curve, lattice strains and deformation mode activity (compression). 

As-extruded and heat treated conditions correspond to extrusion B [Len13]. 

 
Fig 5.22: EPSC simulation of the flow curve, lattice strains and deformation mode activity (tension). As-

extruded and heat treated conditions correspond to extrusion B [Len13]. 
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Considering the compression flow curves, the as-extruded material features a plateau during 
initial deformation, which is absent in the heat treated samples. This plateau is caused by 
pronounced TTW-ing and a low hardening rate of <a> prismatic slip. The comparison of the 
deformation mode activities reveals that the remarkable elongation to failure of the 1 h  
550 °C annealed sample is correlated to the combined activation of <c+a> pyramidal slip and 
<a> basal slip. 

A remarkable feature of the εhkl evolution of the compression test is that the εhkl are almost 
constant or slightly decreasing at strains higher than -0.2. This indicates that none of the de-
formation modes hardens significantly beyond this point being consistent with the final hard-
ening rate 𝛩𝛩1𝑠𝑠 = 0 for all deformation modes, which means that neither hardening nor soften-
ing should occur at this point. Nevertheless, the compression flow curve clearly shows that 
the material is softening. Consequently, the softening is correlated to the texture evolution 
and is likely to contribute to the high elongation to failure. In addition, the TTW volume frac-
tion is reduced in this material condition. In order to explain the reduced TTW volume fraction 
additional simulations were conducted, which will be discussed at the end of this section. The 
tensile deformation is predominantly realized through the activation of <a> prismatic and <a> 
basal slip.  

 
Fig 5.23: Simulated IPFs as a function of the strain: a) as-extruded, b) 24 h 475 °C, c) 1 h 550 °C, d) as-

extruded: ε = -6 %, e) 24 h 475 °C: ε = -6%, f) 1 h 550 °C: ε = -6 %, g) 24 h 475 °C: ε = -20 %, h) 1 h 550 °C: 
ε = -27 %, i) as-extruded: εfr,c, j) 24 h 475 °C: εfr,c, k) 1 h 550 °C: εfr,c, l) as-extruded: εfr,t, m) 24 h 475 °C: εfr,t, 

n) 1 h 550 °C: εfr,t [Len13]. The corresponding experimental IPFs are displayed in Fig 5.20. 

In order to evaluate texture effects separately, additional simulations were conducted using 
the hardening parameters of the as-extruded condition and the different starting textures  
(Fig 5.24). Fig 5.24 a) indicates that the CYS is very little influenced by the observed texture 
changes. However, an important impact of the initial texture on the subsequent deformation 
behavior is predicted. According to the simulation the as-extruded sample and the 475 °C 
annealed sample feature initial textures, which promote extensive TTW-ing causing TTW 
volume fractions of 0.6 to 0.7. The higher TTW volume fraction results in an increased acti-
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vation of <c+a> pyramidal slip causing pronounced hardening. At strains higher than -0.25 
the hardening has saturated and the <a> basal and the <c+a> pyramidal slip system balance 
each other resulting in a slight softening. 

 
Fig 5.24: Simulation of the effect of the texture on the flow curves and the TTW volume fraction (dashed 

lines): a) compression, b) tension; black = as-extruded texture, red = 24 h 475 °C texture, blue = 1 h 550 °C 
texture [Len13]. 

In contrast the 550 °C annealing texture promotes the activation of slip systems particularly 
the <a> basal slip system causing a lower TTW volume fraction. The texture evolution is 
more gradual in this case and a reduced TTW volume fraction results in reduced geometric 
hardening. This is also related to a shift of the onset of softening to strains in the range 
of -0.35. The predicted tensile flow curves exhibit a bigger difference in the TYS of approxi-
mately 30 MPa (Fig 5.24 b)). Here, TTW-ing and <c+a> pyramidal slip are negligible due to 
the texture and the high initial CRSS of pyramidal slip. Therefore, the changes of the flow 
curve have to be attributed to the activities of the <a> slip systems. The deviations of the 
TYS is coupled to the higher SF of the <a> basal slip system in case of the RE texture com-
ponent. Consequently, the TYS is reduced if the RE texture component is enhanced. During 
tensile deformation the activation of the <a> slip systems enhances the <101�0> texture 
component, causing a decreasing SF of <a> basal slip. Therefore, the <a> prismatic slip 
system has to support the plastic deformation to a larger extent during the ongoing plastic 
deformation leading to a continuous hardening. 

5.2 WE54 

5.2.1 Extrusion billets 
Fig 5.25 displays a micrograph of a homogenized WE54 cast billet featuring homogeneously 
distributed equiaxed grains. An average dg of 180 µm was determined, where the dg varies 
within the range from 100 µm to 500 µm. Due to the homogenization of the cast billet being a 
solution annealing, the number of precipitates is very limited. The observed precipitates pre-
dominantly are Y-rich and occasionally Zr-rich phases. In order to enable the extrusion trials 
the hot working behavior of this alloy was investigated using hot compression and processing 
maps. This analysis can be found in [Len14d]. 

 
Fig 5.25: Micrograph of a homogenized WE54 cast billet [Len14d]. 
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5.2.2 Extrusion products 
Within this study six extrusion trials were successfully conducted to analyze the effect of the 
TB and the R on the microstructure, texture and mechanical properties (cf. Table 5.5). All 
billets were homogenized using a temperature of 525 °C and a dwell time of 8 h.  

Table 5.5: Summary of the applied extrusion parameters.  
Extrusion TB, 

°C 
R Product speed, 

m/min 
Cooling Peak force, 

MN 
A 500 25 : 1 1.7 air 2.8 
B 500 41 : 1 1.7 air 2.9 
C 500 71 : 1 1.7 air 3.3 
D 450 41 : 1 1.7 air 5.3 
E 450 41 : 1 1.7 water 5.3 
F 450 71 : 1 1.7 water 5.5 

5.2.2.1 Microstructure and texture 
The WE54 extrusions feature a very homogeneous recrystallized microstructure, which is 
illustrated via exemplary micrographs in Fig 5.26. The microstructure consists of equiaxed 
grains, no elongated grains were observed. The average dg is displayed in Fig 5.27 and sum-
marized in Table 5.6 as a function of the extrusion parameters. Comparing equivalent extru-
sion parameters (500 °C, air cooling) the dg is generally higher than in the ME21 extrusions 
(cf. Table 5.2). However, adjusting the extrusion parameters to TB = 450 °C and water 
cooling generates FG material. Fig 5.27 reveals a clear trend, where increasing R and water 
cooling produce finer average dg, while increasing TB result in larger grains. Water cooling 
appears to be the most effective parameter in grain refinement during extrusion.  

 
Fig 5.26: Optical micrographs showing the microstructure in the extruded bars. 

 
Fig 5.27: Histogram showing the effect of the extrusion parameters on the dg. 

Table 5.6: Applied extrusion parameters and resulting average dg (µm). The standard deviation of the log-
normal distribution is approximately 0.6 µm. 

TB, cooling WE54 
R 25 : 1 R 41 : 1 R 71 : 1 

500 °C, air 23 18 17 
450 °C, air - 17 - 

450 °C, water - 9 7 
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In as-extruded conditions the WE54 material contains minor amounts of large Y-rich or Zr-
rich precipitates (Fig 5.28). Using TEM smaller precipitates were observed occasionally, but 
in very limited amounts.  

 
Fig 5.28: Y-rich precipitates in an extruded WE54 bar. 

Fig 5.29 summarizes the WE54 extrusion textures. As has been previously reported [Bal94] 
the alloy tends to generate very weak extrusion textures, which are close to random. The 
maximum observed intensity was 1.8. Altering the extrusion parameters results in very minor 
changes of the textures.  

 
Fig 5.29: Measured extrusion texture (IPFs || ED). 

5.2.3 Heat treatments 
In case of the WE54 alloy age-hardening experiments at 250 °C and annealing experiments 
at 400 °C were conducted using extrusion C to generate precipitates within the grains and at 
grain boundaries: 

•   16 h at 250 °C  
• 500 h at 250 °C 
•   24 h at 400 °C 

Thereby, a case study of precipitate effects on the deformation behavior is enabled.  

5.2.3.1 Microstructure and texture 
Fig 5.30 illustrates the effect of the above mentioned heat treatments on the microstructure 
using optical micrographs. The heat treatments introduce very limited grain growth, where 
the average dg spread in the range from 17 µm (as-extruded, extrusion C) to 20 µm (24 h 
400 °C). In addition, the micrographs reveal differences of the precipitation behavior, where 
fine precipitates are formed within the grains using age-hardening at 250 °C and coarse pre-
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cipitates are generated during a 400 °C annealing. These precipitates are further analyzed 
using SEM (Fig 5.31) and TEM (Fig 5.32). 

 
Fig 5.30: Micrographs showing the microstructure in a) as-extruded material, and material heat treated 

for: b) 16 h at 250 °C, c) 500 h at 500 °C, d) 24 h at 400 °C [Len15b]. 

 
Fig 5.31: SEM images showing precipitates in a) as-extruded material, and material heat treated for:  

b) 16 h at 250 °C, c) 500 h at 500 °C, d) 24 h at 400 °C [Len15b]. 
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As has been mentioned above, the as-extruded material contains very limited amounts of Y-
rich precipitates (Fig 5.28, Fig 5.31 a)). Age-hardening at 250 °C generates precipitates 
within the grains (16 h: Fig 5.31 b), Fig 5.32 a) and c); 500 h: Fig 5.31 c), Fig 5.32 b) and c)). 
The observed precipitates were identified using the references [Nie99, Nie00, Nie12], and 
the fast Fourier transforms of the HR-TEM images, which were recorded using the FEI Titan 
80-300 Berlin Holography Special TEM (ZELMI, TU Berlin). The 16 h age-hardening results 
in the formation of prismatic plate-shaped (β1) and globular precipitates (β’), while the 500 h 
age-hardened sample only contains prismatic plate-shaped precipitates (β). 

 
Fig 5.32: TEM images of precipitates in the heat treated material a) 16 h 250 °C; <00.2> ZA, b) 16 h 250 °C; 

<11.0> ZA, c) 500 h 250 °C; <00.2> ZA d) 500 h 250 °C; <11.0> ZA [Len15b]. 

In contrast to the 250 °C samples, the 400 °C annealed samples form precipitates in the 
grain boundaries and very few precipitates within the grains. Due to the low precipitation 
density within the grains, no significant precipitation hardening is expected, but the precipi-
tates at the grain boundaries would, at the same time, mean a reduced amount of solutes 
within the grains. The reduced solute concentrations were confirmed using electron probe 
microanalysis. Line scans of a (1 h 400 °C) sample revealed decreasing Nd (from 1.8 wt% to 
0.8 wt%) and Y (from 5.3 wt% to 5.0 wt%) concentration within the grain interiors due to 
precipitation at grain boundaries. 

As might be expected from the very limited grain growth during the heat treatments, the tex-
ture of the alloy does not change significantly during the heat treatments. Fig 5.33 exhibits 
the effect of the conducted heat treatments on the texture. The IPFs were determined from 
large scale EBSD maps (1800 x 700 µm², not shown). 

 
Fig 5.33: Effect of heat treatments on the texture (determined from the recorded EBSD data) [Len15b]. 
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5.2.4 Mechanical properties 
The above described changes of the dg, the precipitates and the solute concentrations affect 
the mechanical properties, which will be investigated using the macroscopic flow curves, the 
microstructural and texture development during deformation and EPSC simulations.  

5.2.4.1 Flow curves 
The effect of the microstructure on the mechanical properties and the deformation behavior 
was analyzed via uniaxial tension and compression tests. The corresponding flow curves are 
displayed in Fig 5.34 and Fig 5.35. In Table 5.7 the resulting CYS, TYS and SDE are sum-
marized.  

 
Fig 5.34: Flow curves of the extruded bars tested in uniaxial compression and tension. 

In comparison to the ME21 extrusions three major differences are evident: 1. The alloy fea-
tures a significantly higher strength, 2. the yield asymmetry and the plastic anisotropy are 
negligible and the SDE is close to 0 regardless of the dg and texture, and 3. the compression 
flow curve of the extrusions do not feature a sigmoidal shape or any other signs of an 
important TTW-ing activity.  

 
Fig 5.35: Effect of heat treatments on the flow curves a) compression, and b) tension [Len15b]. 
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Interestingly, the 500 h age-hardening and the 24 h 400 °C annealing appear to render TTW-
ing more active. The corresponding compression flow curves exhibit a slight, but clearly visi-
ble, sigmoidal shape being characteristic of a notable contribution of TTW-ing to the defor-
mation (Fig 5.35 a). From Fig 5.35 and Table 5.7 it is apparent, that age-hardening increases 
both CYS and TYS. At the same time the elongation to failure is reduced particularly in 
tension. The 24 h 400 °C annealing results in decreasing strength and elongations to failure.  

Table 5.7: Tension compression yield asymmetry specified by the CYS, TYS and SDE of the extruded 
bars. The error of CYS and TYS is below 5 MPa. 

TB, cooling WE54 
R 25 : 1 R 41 : 1 R 71 : 1 

CYS, 
MPa 

TYS, 
MPa 

SDE, 
- 

CYS, 
MPa 

TYS, 
MPa 

SDE, 
- 

CYS, 
MPa 

TYS, 
MPa 

SDE, 
- 

450 °C 
air - - - -169 166 0.02 - - - 

450 °C 
water - - - -174 170 0.02 -183 179 0.02 

500 °C 
air -170 157 0.08 -171 166 0.03 -182 169 0.07 

16 h 
250 °C - - - - - - -199 179 0.11 

500 h 
250 °C - - - - - - -219 199 0.10 

24 h 
400 °C - - - - - - -173 166 0.04 

 
In order to analyze the underlying deformation mechanism causing the flow curves, the de-
formed microstructure was analyzed using EBSD. 

5.2.4.2 Deformed microstructure 
Fig 5.36 exhibits the EBSD analysis of deformed compression samples (extrusion A) at the 
engineering strain levels: εe = -5 %, εe = -10 %, εe = -12 % and εe = -18 %, while Fig 5.37 dis-
plays the corresponding MDFs. The comparison of Fig 5.17 and Fig 5.36 reveals a signi-
ficantly lower TTW-ing activity in the WE54 extrusion than in the ME21 extrusion.  

At εe = -5 % TTWs nucleate and grow readily in the ME21 alloy (Fig 5.17), while their number 
is significantly reduced in the WE54 alloy (Fig 5.36). In WE54 the TTWs tend to be thin and 
needle-like and TTW-ing is limited to grains, which feature a very high SF for TTW-ing. In 
case of the WE54 alloy TTW-ing and the corresponding IPFs exhibit a relatively low <0002> 
density compared to ME21. Here, grains that correspond to the <101�0>/<112�0> double fiber 
are retained to a higher extend. These findings are supported by the correlated MDFs (Fig 
5.18 and Fig 5.37) showing a lower frequency of TTW boundaries in case of the WE54 alloy 
(the maximum at ≈ 86° is more pronounced). Additionally, the local maximum at ≈ 58° about 
the <101�0> axis, which can be correlated to the intersection of different TTW variants, is 
absent in the WE54 indicating lower nucleation and growth rates in this alloy.  

In between εe = -10 % and εe = -12 % TTW-ing is exhausted in ME21 (Fig 5.17), while several 
grains contain no TTWs in case of the WE54 alloy. However, those grains, which contain at 
least one TTW, have not been overtaken. The limited growth of the TTWs is further 
supported by limited changes of the relative frequency of TTW boundaries in the strain range 
from εe = -10 % to εe = -18 %. The additional peaks, which were observed at εe = -18 %, at 
≈ 28° and at ≈ 74° could not be correlated to a particular twin mode. Highlighting these 
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angular ranges in the BC maps reveals that these peaks are associated to noise, that is 
introduced by the high deformation of the sample. 

 
Fig 5.36: EBSD maps, BC maps highlighting twin boundaries (86° <112�0> = red, 56° <112�0> = yellow, 

38° <112�0> = green, 30° <112�0> = blue) and IPFs of compression samples (extrusion A) [Len14c].  
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Fig 5.37: MDFs of compression samples (extrusion A): a) ε = -5 %, b) ε = -10 %, c) ε = -12 %, d) ε = -18 %. 

Insets show the distribution of the rotation axis for characteristic angular ranges. 86° <112�0> = red, 
56° <112�0> = yellow [Len14c]. 

Here, it should be emphasized that TTW-ing does not overtake the parent grains even at εe = 
-18 %. In addition, the WE54 alloy tends to resist texture changes during compression, which 
is observed through the weak <0002> texture and the large orientation spread at high 
strains. 

In order to investigate the effects of precipitates and solutes on the deformation behavior and 
the corresponding microstructure and texture evolution further EBSD investigations were 
conducted using as-extruded (extrusion C), 250 °C age-hardened and 400 °C annealed 
samples. In Fig 5.35 a slight sigmoidal shaped compression flow curve was observed in case 
of the 500 h age-hardened and the 400 °C annealed sample suggesting an enhancement of 
TTW-ing through precipitation hardening or the reduction of the solute content. Below it will 
be shown via EBSD analysis that TTW-ing is indeed enhanced in these samples.  

Fig 5.38 illustrates the collected EBSD maps, while Fig 5.39 displays the MDFs at εe = -5 %. 
The final textures correspond to samples, which were investigated via in-situ EDXRSD. The 
corresponding flow curves and strains are displayed in Fig 5.41 and will be discussed in sec-
tion 5.2.4.3. As has been shown in the foregoing EBSD analysis of extrusion A, the as-ex-
truded material (extrusion C) features very few TTWs, which appear as red lamella, at  
εe = -5 %. While the 16 h 250 °C age-hardened does not alter the number or the size of the 
TTWs significantly, the 500 h 250 °C age-hardened and the 24 h 400 °C annealed sample 
exhibit a major increase of the number of TTWs. Here, many grains contain at least one 
TTW, many of which contain multiple TTW lamellae and wider TTWs. The difference in TTW-
ing activity is quantified statistically in Fig 5.39. The relative frequency of TTW boundaries 
and therefore, the TTW-ing activity increases in the following order: as-extruded (Fig 5.39 a) 
< 16 h 250 °C (Fig 5.39 b) < 24 h 400 °C (Fig 5.39 d) < 500 h 250 °C (Fig 5.39 c).  

54 



Results 

 
Fig 5.38: EBSD maps of deformed samples (based on extrusion C): a), d), g), j) at -5 % compression; b), 

e), h), k) after final load step - compression; c), f), i), l) after final load step – tension [Len15b]. 

All samples, but in particular the as-extruded and the 16 h age-hardened samples, contain 
partially twinned grains at this high strain level. Hence, TTW-ing proceeds uncommonly slow 
in comparison to other Mg alloys, where TTWs grow readily and overtake the parent grains 
quickly. Fig 5.38 c), f), i) and l) exhibit the EBSD maps of the tension samples (final load 
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step). During tensile loading, negligible amounts of twins are formed, and the grains pre-
dominantly feature a <101�0> orientation. 

The above described evolution is confirmed by the corresponding texture evolution  
(Fig 5.40). The limited TTW-ing activity is observed through the very weak <0002> texture 
component in compression. An enhanced <0002> texture component reflects pronounced 
TTW-ing of the parent grains featuring <101�0> and <112�0> texture components. A very 
weak enhancement of the <0002> density is indeed observed in case of the 500 h age-hard-
ened sample. Further compression results in the rotation of grains towards the <0002> tex-
ture component via crystallographic slip, particularly by the activation of <a> basal slip. In 
contrast to the ME21 alloy the maximum intensity is significantly shifted away from the 
<0002> texture component. This maximum corresponds to the RE texture component, which 
has been rotated towards the <0002> pole due to the activation of slip systems. However, 
the rotation towards the <0002> texture component is slow in comparison to other Mg alloys, 
which indicates the enhanced activation of non-basal slip modes.  

 
Fig 5.39: Histograms showing MDFs at -5 % strain in a) as-extruded and material heat treated for:  

b) 16 h at 250 °C, c) 500 h at 250 °C, d) 24 h at 400 °C [Len15b]. 

 
Fig 5.40: IPFs showing texture development during deformation [Len15b]. 
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5.2.4.3 EPSC simulations 
In order to uncover the underlying deformation mechanism and the effect of the heat treat-
ments on the hardening behavior of the individual deformation modes in-situ EDXRSD ex-
periments during loading and EPSC simulations have been conducted. In order to charac-
terize the model parameters the flow curves (Fig 5.41), the εhkl (Fig 5.42 and Fig 5.43) and 
the texture evolution (Fig 5.44) were evaluated and will be discussed in turn below. The ap-
plied hardening parameters for slip and TTW-ing are summarized in Table 5.8 and Table 5.9. 
The spread in dg of 17 µm to 20 µm was too small to evaluate the HP coefficients accurately. 
Therefore, HP coefficients, which were determined in Mg-Li(-Al) alloys featuring a wide 
spread in dg (sections 5.3.3.3 and 5.4.3.3, [Len15a]), were used. Unfortunately, the strength 
increment between the as-extruded and the 16 h age-hardened sample is too small to detect 
changes in the hardening parameters. However, several important findings could be 
obtained:  

First, as might be expected for Mg alloys the slip activation stresses 𝜏𝜏𝑓𝑓,𝑓𝑓
𝑠𝑠  (Table 5.8) increase 

in the following order regardless of the formation of precipitates: <a> basal < <a> prismatic < 
<c+a> pyramidal slip. In agreement with Agnew et al. [Agn13], the age-hardening has a sig-
nificant effect on <a> basal slip, which is evident by the relative increase of 50 % in 𝜏𝜏𝑓𝑓,𝑓𝑓

𝑠𝑠  be-
tween the as-extruded and the 500 h age-hardened samples compared to the very slight 
changes in 𝜏𝜏𝑓𝑓,𝑓𝑓

𝑠𝑠  for <a> prismatic and <c+a> pyramidal slip. 

Table 5.8: Hardening parameters for slip [Len15b]. 
 As-extruded  16 h 250 °C 
Parameter <a> prism <a> basal <c+a> pyr <a> prism <a> basal <c+a> pyr 
𝜏𝜏0,𝑓𝑓
𝑠𝑠

 (MPa) 80 10 115 80 10 115 
𝑘𝑘1𝑠𝑠 (m

-1) 1.5E+08 1.0E+08 2.5E+09 1.5E+08 1.0E+08 2.5E+09 
𝑆𝑆𝑠𝑠

 (MPa) 3.5E+03 3.5E+03 8.5E+03 3.5E+03 3.5E+03 8.5E+03 
𝑔𝑔𝑠𝑠  5.0E-03 5.0E-03 9.5E-03 4.0E-03 4.0E-03 9.5E-03 
𝜌𝜌0 (m-2) 1.5E+12 1.5E+12 1.5E+12 1.5E+12 1.5E+12 1.5E+12 
𝐻𝐻𝐻𝐻𝑆𝑆 160 90 20 160 90 20 
𝐶𝐶𝑠𝑠𝑡𝑡 50 50 400 50 50 400 
 500 h 250 °C  24 h 400 °C 
Parameter <a> prism <a> basal <c+a> pyr <a> prism <a> basal <c+a> pyr 
𝜏𝜏0,𝑓𝑓
𝑠𝑠

 (MPa) 82 15 115 60 8 105 
𝑘𝑘1𝑠𝑠 (m

-1) 1.5E+08 1.0E+08 8.5E+09 1.5E+08 1.0E+08 15.5E+09 
𝑆𝑆𝑠𝑠

 (MPa) 3.5E+03 3.5E+03 8.5E+03 3.5E+03 3.5E+03 8.5E+03 
𝑔𝑔𝑠𝑠  4.0E-03 4.0E-03 11.5E-03 4.0E-03 4.0E-03 7.5E-03 
𝜌𝜌0 (m-2) 1.5E+12 1.5E+12 1.5E+12 1.5E+12 1.5E+12 1.5E+12 
𝐻𝐻𝐻𝐻𝑆𝑆 160 90 20 160 90 20 
𝐶𝐶𝑠𝑠𝑡𝑡 50 50 400 50 50 400 
 

Table 5.9: Hardening parameters for TTW-ing [Len15b]. 
Parameter As-extruded 16 h 250 °C 500 h 250 °C 24 h 400 °C 
𝜏𝜏0𝑡𝑡 (MPa) 115 115 98 78 
 
Second, the limited TTW-ing activity in the as-extruded and 16 h age-hardened conditions 
(e.g. Fig 5.38) is correlated with a remarkably high 𝜏𝜏𝑓𝑓𝑡𝑡  in these samples, where 𝜏𝜏𝑓𝑓𝑡𝑡  is in the 
order of 𝜏𝜏𝑓𝑓,𝑓𝑓

𝑠𝑠  for <c+a> pyramidal slip. Here, it is important to emphasize that 𝜏𝜏𝑓𝑓𝑡𝑡  is considera-
bly lowered by the 500 h age-hardening and the 400 °C annealing, where the solute concen-
tration has dropped. 
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Fig 5.41: Comparison of the experimental and simulated flow curves [Len15b]. 

Third, 𝜏𝜏𝑓𝑓,𝑓𝑓
𝑠𝑠  decreases for all slip modes in the 400 °C annealed sample, which features a re-

duced solute content and precipitates at the grain boundaries. The reduction of the solute 
concentration results in weaker solute hardening and the grain boundary precipitates are 
ineffective in terms of hindering dislocation movement. Fig 5.42 and Fig 5.43 display the 
evolution of axial and transversal εhkl of the (101�0), (0002), (101�1), (101�2), (112�0), (101�3), 
(112�2) and (202�1) reflections during compression and tension tests. 
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Fig 5.42: Comparison of the measured and predicted εhkl during compression [Len15b]. 
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Fig 5.43: Comparison of the measured and predicted εhkl during tension [Len15b]. 
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Each reflection corresponds to a subset of grains, which feature a common orientation. 
Grains featuring a (101�1), (101�2), (101�3) or (112�2) orientations possess high SFs for <a> 
basal slip and relatively high SFs for <a> prismatic slip. These slip modes have the lowest 
𝜏𝜏𝑓𝑓,𝑓𝑓
𝑠𝑠  and consequently, these reflections feature the lowest axial and transversal εhkl in ten-

sion and compression tests. 

The axial (101�0), (112�0) and (202�1) as well as the transversal (0002) reflections correspond 
to the <101�0>/<112�0> texture components and hence possess high SF for <a> prismatic and 
<c+a> pyramidal slip as well as TTW-ing in case of compression loading parallel to ED. 
However, the SF for <a> basal slip is close to zero in these grains. In most Mg alloys, where 
TTW-ing is readily activated when the compression direction is perpendicular to the crystal-
lographic c-axis, such grains would deform by <a> prismatic slip and TTW-ing during com-
pression parallel to ED generating a tension compression yield asymmetry since the TTW-
ing is only activated in compression. However, the conducted EPSC simulations reveal that 
TTW-ing features a very high activation threshold stress 𝜏𝜏𝑓𝑓𝑡𝑡  in case of the WE54 alloy, and 
therefore, would likely occur after large strains. Hence, the initial deformation should be real-
ized by slip, which is confirmed by the late occurrence of the axial (0002) reflection particu-
larly in the as-extruded and the 16 h 250 °C sample. This reflection corresponds to twinned 
grains, which have been reoriented by TTW-ing (86° rotation about an <112�0> axis). The 
(0002) reflection is observed at lower strains in case of the 500 h 250 °C and the 24 h 400 °C 
compression samples, where TTW-ing is less hindered. Usually, the relative activity of <c+a> 
pyramidal slip is high within the TTWs causing pronounced hardening, which results in a 
sigmoidal compression flow curve and a significant increase of the εhkl. However, such fea-
tures were not observed in the present WE54 alloy, where the (0002) reflection exhibits very 
limited hardening indicating that <c+a> pyramidal slip occurs at a relatively low CRSS. 

 
Fig 5.44: IPFs showing the simulated textures (|| ED = load direction) [Len15b]. 

Based on the conducted experiments and EPSC simulations, the relative deformation mode 
activities associated with the observed texture development have been extracted (Fig 5.45). 
A comparison of the simulated (Fig 5.44) and the experimental textures (Fig 5.40) displays 
good agreement considering the limitation of the self-consistent homogenization scheme in 
accounting for grain-to-grain interactions only in an average sense without explicit neighbor-
ing effects. Nevertheless, minor deviations, such as the simulated IPFs showing a <0002> 
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texture component unlike the measured IPFs, are visible. Notably, however, the predicted 
TTW volume fractions are in good agreement with measured TTW volume fractions, showing 
sufficiently accurate prediction of the TTW-ing activity. Therefore and because of the good 
agreement of the flow curves and the εhkl, the model is considered reliable for interpreting the 
deformation behavior of the studied samples. 

 
Fig 5.45: Relative activities of the active deformation modes predicted by the EPSC model [Len15b]. 
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Fig 5.45 illustrates the relative deformation mode activity as a function of the applied strain 
path and strain. It is evident that TTW-ing is significantly hindered compared to other Mg al-
loys, such as ME21 (Fig 5.21), particularly in the as-extruded and the 16 h age-hardened 
samples. The reduced TTW activity is compensated by the enhanced activation of slip. Here, 
an enhancement of the activity of <a> prismatic and <a> basal slip was observed, while an 
enhancement of <c+a> pyramidal slip at low compressive strains is only predicted in the as-
extruded and the 16 h 250 °C samples. The 500 °C age-hardened and the 400 °C annealed 
samples feature an increased TTW-ing activity in comparison to the other materials 
conditions and consequently, a reduced initial activity of <c+a> pyramidal slip. Tensile 
deformation is predominantly realized by <a> slip systems causing the enhancement of the 
<101�0> texture component. In addition, a small relative activity of the <c+a> pyramidal slip 
system is predicted in tension. 

5.3 L4 

5.3.1 Extrusion billets 
Fig 5.46 displays a micrograph of a L4 cast billet featuring equiaxed grains. dg varies within 
the range from several 100 µm to about 1 mm. In comparison to the ME21 and the WE54 
billets, the L4 billets exhibit a relatively large porosity, where the size of the voids was up to 
several millimeters. In addition, the alloy contained (Al)-Si rich precipitates and Mg oxides, 
which were not expected in this binary alloy and were probably introduced during casting.  

 
Fig 5.46: Micrograph of a L4 cast billet: a) grain structure, b) Si-rich phase, c) Al-Si rich phase. 

5.3.2 Extrusion products 
Within this study several extrusion trials were performed to analyze the effect of TB, R and 
the cooling conditions on the microstructure, texture and mechanical properties. Here, as-
cast and homogenized extrusion billets (4 h at 300 °C) were used. 

Table 5.10: Summary of the applied extrusion parameters.  
Extrusion Homoge-

nization 
TB, 
°C 

R Product speed, 
m/min 

Cooling Peak 
force, MN 

A 4 h / 300 °C 300 25 : 1 1.7 air 3.2 
B 4 h / 300 °C 300 41 : 1 1.7 air 3.5 
C 4 h / 300 °C 300 71 : 1 1.7 air 4.0 
D 4 h / 300 °C 200 41 : 1 1.7 air 5.0 
E  200 25 : 1 1.7 air 5.9 
F  200 41 : 1 1.7 air 5.9 
G  200 71 : 1 1.7 air 6.9 
H  200 25 : 1 1.7 water 7.1 
I  200 41 : 1 1.7 water - 
J  200 71 : 1 1.7 water 7.3 
K  250 41 : 1 1.7 air 4.7 
L  300 41 : 1 1.7 air 3.7 
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5.3.2.1 Microstructure and texture 
Fig 5.47 displays representative micrographs of longitudinal sections of the extrusions. The 
extruded bars exhibit an almost fully recrystallized microstructure, apart from some, relatively 
large grains, elongated parallel to the ED. The influence of the extrusion parameters on the 
generated average dg is illustrated in Fig 5.48 and summarized in Table 5.11. Increasing TB 
and air cooling result in increased average dg as has been reported above for ME21 and 
WE54 extrusion. Like the WE54 alloy, the L4 extrusions feature decreasing average dg, if R 
is increased. In addition, the saturation of grain growth at TB > 250 °C (Fig 5.48 a) and the 
limited effect of water cooling at R 71 : 1 are worth mentioning. The smallest dg (≈ 5 µm) was 
obtained using the extrusion parameters TB = 200 °C, R 71 : 1 and either water or air cooling.  

 
Fig 5.47: Microstructure of extrusions, which were processed using R 41 : 1 and air cooling [Len15a]. 

 
Fig 5.48: Histograms showing the effect of the extrusion parameters on dg [Len15a]. 

Table 5.11: Applied extrusion parameters and resulting average dg (µm) [Len15a]. The standard deviation 
of the log-normal distribution is below 0.5 µm. 

TB, cooling L4 
R 25 : 1 R 41 : 1 R 71 : 1 

200 °C, air 14 13 5 
200 °C, water 7 6 5 

250 °C, air - 23 - 
300 °C, air 30 23 - 

 
All extruded bars contained a significant amount of (Al-)Si rich phases, which appear as 
necklace structures parallel to the ED and were likely introduced during the cast process 
(Fig 5.49). Due to their size and distribution, it is assumed that these precipitates do not af-
fect the CRSS or the hardening of the deformation modes. However, they might influence the 
formability of the alloys. Using TEM no evidence of further precipitates of a smaller size was 
observed. 
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Fig 5.49: SEM images showing (Al-)Si-rich phases (ED↑) [Len15a]. 

In addition, to the effects of the extrusion parameters on the dg, they also influence the 
texture of the extruded bars (Fig 5.50). Generally all samples feature the common extrusion 
fiber textures such as <101�0> or <101�0>/<112�0>. More interestingly the <112�0> texture 
component is enhanced in extrusions, which feature a medium to coarse dg, while <101�0> 
fiber textures are generated in the FG samples. This difference indicates that the <112�0> 
texture component is predominantly formed during GC. Consequently, high R and water 
cooling result in sharp <101�0> textures. 

 
Fig 5.50: IPFs showing the effect of extrusion parameters on the texture development (II ED). a) Effect of 

R and the cooling conditions, b) effect of the TB using a constant R 41 : 1 and air cooling. [Len15a]. 

5.3.3 Mechanical properties 
The above described changes of the dg influence the mechanical properties, which will be 
investigated using the macroscopic flow curves, the microstructural and texture development 
during deformation and EPSC simulations. 

5.3.3.1 Flow curves 
Fig 5.51 presents the flow curves of the extruded bars, the CYS, TYS and SDE of the sam-
ples are given in Table 5.12. Interestingly, in all tested samples - independent of dg or texture 
effects - the CYS is slightly, but consistently, higher than the TYS and hence the SDE is 
small and positive. Although not pronounced, the finding of a positive SDE is a remarkable 
result as most conventional alloys exhibit a much more pronounced negative SDE, where the 
CYS is significantly lower than the TYS [Hup10a, Hup10b]. Apart from this particularity the 
extrusions feature typical flow curves, where the compression flow curve exhibits a pro-
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nounced sigmoidal shape, while the tension flow curves do not display any signs of important 
twinning activity. As might be expected from above shown microstructure and texture, the 
grain refinement is the dominant microstructural parameter influencing the strength of the 
alloy (Table 5.12).  

 
Fig 5.51: Flow curves of the extruded bars tested in uniaxial compression and tension [Len15a]. 

Table 5.12: Tension compression yield asymmetry specified by the CYS, TYS and SDE of the extruded 
bars. The error of CYS and TYS is below 5MPa [Len15a]. 

TB, cooling L4 
R 25 : 1 R 41 : 1 R 71 : 1 

CYS, 
MPa 

TYS, 
MPa 

SDE, 
- 

CYS, 
MPa 

TYS, 
MPa 

SDE, 
- 

CYS, 
MPa 

TYS, 
MPa 

SDE, 
- 

200 °C 
air -81 76 0.06 -83 77 0.08 -123 114 0.08 

200 °C 
water -108 103 0.05 -120 114 0.05 -137 130 0.05 

250 °C 
air - - - -80 74 0.08 - - - 

300 °C 
air -77 72 0.07 -79 73 0.08 - - - 

 
In order to analyze the underlying deformation mechanism causing the flow curves, the de-
formed microstructure was analyzed using EBSD and TEM. 

5.3.3.2 Deformed microstructure 
Fig 5.52 shows the EBSD orientation maps, BC maps highlighting the twin boundaries, and 
IPFs corresponding to strains of εe = -5 %, εe = -10 %, εe = -12 %, and εe = -18 % strain (ex-
trusion A). At εe = -5 % the maps reveal a very high activity of TTW-ing. TTW-ing takes place 
in almost every grain and reorients the grains of the initial fiber texture by ≈ 86° to the 
<0002> pole. However, twin growth varies depending on the orientation of the parent grain. A 
primary TTW volume fraction of ≈ 33 % was determined.  
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Fig 5.52: Sequential activation of TTW-ing, CTW-ing and DTW-ing represented by EBSD maps and BC 

maps highlighting twin boundaries (86° <112�0> = red, 56° <112�0> = yellow, 38° <112�0> = green, 30° <112�0> 
= blue) and IPFs (load direction = ED) [Len14a]. 

At εe = -10 % strain, TTW-ing has overtaken the majority of the grains causing a pronounced 
<0002> texture component (TTW volume fraction ≈ 70 %). Consequently, TTW-ing is almost 
exhausted, although the grains are not entirely overtaken by primary TTW-ing as is evident 
by the high amount of TTW boundaries in the BC map. Here, most grains are aligned with 
their c-axis parallel to the load and hence load is now applied parallel to the c-axis enabling 
the activation of secondary CTW-ing. Consequently, secondary CTWs and tertiary type 1 
DTWs were observed, occasionally, in addition to the TTW boundaries. At εe = -12 %, TTW-
ing has overtaken the majority of the grains completely causing an increased TTW volume 
fraction of ≈ 83 %. Nevertheless, some remainders of the parent grains are visible. While the 
amount of secondary CTW-ing did not increase significantly, the number of type 1 DTWs has 
increased in comparison to the εe = - 10 % compressed sample.  
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At εe = -18 % strain, the microstructure is dominated by type 1 DTW boundaries, although 
type 2 DTWs were observed occasionally. Nevertheless, the volume fraction of the DTWs is 
too low to introduce significant changes of the texture and hence the volume fraction of the 
DTWs and the CTWs was not determined. Residuals of primary TTWs and secondary CTWs 
were sporadically observed. As primary TTW-ing is largely exhausted the TTW volume frac-
tion does not increase significantly (≈ 86 %).  

To evaluate the variants associated with these twins the MDFs were extracted from these 
EBSD maps (Fig 5.53). The MDFs enable a more accurate quantitative description of the 
twin boundaries. The insets illustrate the distribution of the rotation axes for the misorienta-
tions characteristic of TTW, CTW and DTW boundaries. 

 
Fig 5.53: MDFs: a) strain (ε) = -5 %, b) ε = -10 %, c) ε = -12 %, d) ε = -18 % (extrusion A). Insets show the 
distribution of the rotation axis for characteristic angular ranges. 86° <112�0> = red, 56° <112�0> = yellow, 

38° <112�0> = green, 30° <112�0> = blue [Len14a]. 

At εe = -5 %, the most frequently observed high angle boundaries are TTWs with a misorien-
tation of ≈ 86° about the <112�0> axis. Hence, the twins are predominantly primary TTWs. At 
εe = -10 % strain the relative frequency of TTW boundaries has decreased, while a local 
maximum in misorientation occurs in the angular range of 50° - 60°. Within this angular rota-
tion range, the <101�0> rotation axis is dominant and the <112�0> rotation axis less frequent. 
The former angle-axis pair corresponds to TTW-TTW boundaries, which form when two dis-
tinct TTW variants intersect [Nav04, Mu12], while the latter corresponds to a secondary 
CTW. These results suggest that at εe = -10 %, the TTWs have grown and coalesced. In 
addition first CTWs have formed. At εe = -12 % strain the relative frequency of TTW 
boundaries is significantly lower. At the same time a small increase in the relative 
frequencies within the angular range of 35° - 40° was observed. Within this range, the 
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<112�0> rotation axis is most frequent corresponding to the type 1 DTW variant. This finding 
marks the onset of DTW-ing. Within the angular range from 50° - 60° no significant changes 
were observed, and hence, the number of CTW boundaries did not change significantly. At 
εe = -18 % strain, the amount of type 1 DTW boundaries has multiplied four-fold, while the 
relative frequencies of TTW, TTW-TTW and CTW boundaries did not change significantly. In 
addition, the frequencies of the other DTW variants 2 (≈ 30.1°), 3 (≈ 66.5°) and 4 (≈ 69.9°) 
are negligible, which is a strong indication of a type 1 DTW-ing predominance. In summary, 
the sequential activation of primary TTW-ing, secondary CTW-ing and tertiary DTW-ing has 
been observed according to Fig 2.6 and Fig 2.7.  

As mentioned in section 2.1.4, the predominance of the type 1 DTW variant has been re-
ported in prior studies on other Mg alloys [Bar04, Mar10]. Many explanations for this strong 
preference have been proposed but to date the underlying mechanism has yet to be clarified. 
Insight can be gained by evaluating the CTW-DTW transition in detail via in-situ EBSD and 
TEM investigations. In-situ EBSD experiments using a compression test device were 
conducted to monitor the CTW-DTW transition, locally. A sample was pre-deformed to εe ≈  
-17.5 % strain prior to the in-situ experiment to generate a secondary CTW, which is in the 
process of a CTW-DTW transition. Using a 150 x 150 µm2 overview scan on the longitudinal 
section, areas containing the CTW-DTW transition were detected. Subsequently, the sample 
was compressed in -1 % strain steps using the compression test device within the SEM and 
displacement control in order to observe the progression of the CTW-DTW transition. 

 
Fig 5.54: a, b) experimental setup of the in-situ EBSD analysis; c-f) CTW-DTW transition. c) ε = -17.5 %,  

d) ε = -18.5 %, e) ε = -19.5 %, f) ε = -20.5 %. Boundary colorcoding: TTW = red, CTW = yellow, DTW = green. 
[Len14a]. 

Fig 5.54 depicts the CTW-DTW transition using EBSD maps highlighting the twin boundaries. 
The DTW propagation is tracked through the movement of a tertiary TTW boundary within a 
preexisting CTW. Here, a type 1 DTW has already formed within a secondary CTW. The 
growth of the type 1 DTW is observed by the movement of the internal TTW boundary 
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through the CTW in Fig 5.54 c) - f). The ongoing transition manifests through the increasing 
area fraction of the DTW from 45 % to 58 %. During loading no significant thickening of the 
secondary CTW was observed. To the author's knowledge this is the first time that an 
ongoing CTW-DTW transition has been visualized dynamically indicating a higher mobility of 
the internal TTW boundary compared to the preexisting CTW boundary. Thereby, the con-
ducted in-situ experiment confirms the suggestions of a high lateral growth rate of the inter-
nal twin by Cizek et al. [Ciz08] and Barnett et al. [Bar08a]. Here, it should be noted that the 
stress-state changes from the bulk material (triaxial) to the surface (biaxial), causing a decel-
eration of twin propagation and the CTW-DTW transition. 

To analyze the mechanisms involved in the CTW-DTW transition, post-mortem TEM investi-
gations (Fig 5.55) were carried out to examine the local microstructure as well as the slip 
activity in the vicinity of a DTW. This analysis relies on the identification of a CTW-DTW 
transition and the determination of the orientation matrices of the primary TTW, the second-
ary CTW and the tertiary DTW, which were determined using two independent techniques:  

 
Fig 5.55: a) Bright field image at the [21�1�0] ZA showing a primary TTW (A, red) and the transition from 
secondary CTW (B, yellow) to a tertiary type 1 DTW (C, green). The indexed Laue patterns b) and c) are 
shown in their correct orientation relative to the crystal in the insets. b) SAD of the TTW (red) and the 

CTW (yellow), c) SAD of the TTW (red) and the DTW (green). Boundary colorcoding: TTW = red, CTW = 
yellow, DTW = green. (ε = -18 %) [Len14a]. 
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As type 1 and type 2 DTWs share the same <112�0> ZA with the preexisting CTW (cf. Fig 
2.8), their misorientation relation can be directly determined evaluating the rotation of the 
Laue patterns recorded by SAD selecting a <112�0> ZA (Fig 5.55 b) and c)). In contrast type 
3 and type 4 DTWs have ZAs that do not lie in the basal plane of the preexisting CTW (cf. 
Fig 2.8) complicating the analysis of the Laue pattern. Therefore, a second general applica-
ble technique was applied, additionally: The evaluation of Kikuchi patterns using the TOCA 
software [Zae00]. This software enables the determination of the orientation matrix through 
indexing the Kikuchi patterns (analogous to EBSD) allowing the identification of the orienta-
tion matrix at any crystal orientation that provides sufficient Kikuchi bands (e.g. any ZA). In 
addition, the TOCA software allows calculating line directions in the image plane as well as 
the cross product of these line directions and the beam direction. Using the cross product the 
twin plane can be calculated when the twin planes are edge-on. In this case the Burgers vec-
tors of the observed twin systems are lying in the image plane and the line directions along 
the twin planes are parallel to these Burgers vectors. 

Fig 5.55 exhibits a TEM bright field image of a εe = -18 % compressed sample, containing 
three different crystallographic domains. Each of the domains contains a characteristic pat-
tern of straight parallel lines. The direction of the incident beam is parallel to the �21�1�0� ZA 
and hence, the twin planes and the basal glide plane (0001) of type 1 or type 2 DTWs are 
simultaneously in the edge-on position.  

Fig 5.55 b) displays the orientation relation between the domains A and B, while Fig 5.55 c) 
reveals the orientation relation between the domains A and C. The interface between A and 
B exhibits a misorientation angle of ≈ 56° about the �21�1�0� ZA. The yellow (01�11�) spot coin-
cides with the red (011�1) spot specifying the twin plane ± (011�1). Consequently, this interface 
is a CTW boundary. The red and the green diffraction patterns do not contain common dif-
fraction spots. Therefore, the interface between the domains A and C is incoherent. The mis-
orientation angle between the two diffraction pattern is ≈ 38° about the �21�1�0� ZA and hence, 
corresponds to a type 1 DTW. Here, it is important to mention that the Laue pattern contain 
0002n+1 reflections (n = 0, ± 1,…) that do not correspond to the hcp diffraction pattern 
(marked with arrows). Interestingly, the Laue pattern of each domain contained these 
forbidden reflections.  

The misorientation relations were established more precisely using the TOCA software to 
calculate the orientation matrices of the areas A, B and C. The orientation matrices of A and 
B reveal that the yellow marked interface is (011�1)[01�12], a CTW. Analogous evaluation of 
the domains A and C identified the red marked interface as a (011�2)[01�11] TTW. However, 
the interface between the domains A and C was identified as a ≈ (011�5�) plane and therefore, 
does not correspond to a common twin mode. Based on the determined orientation matrices 
of the three twins the local coordinate systems were plotted into Fig 5.55 a) showing that the 
straight parallel lines are aligned perpendicular to the basal plane normals of each twin. 

In order to examine the possible mechanisms of strain accommodation at the different 
boundaries of the observed twins, HR-TEM investigations were conducted. All images were 
recorded using the common [21�1�0] ZA of the primary TTW, the secondary CTW and the ter-
tiary type 1 DTW. HR-TEM images of the interfaces between the three twins are displayed in 
Fig 5.56 (TTW-CTW: Fig 5.56 a); CTW-DTW: Fig 5.56b); primary TTW-DTW: Fig 5.56 c) and 
d)). Here, the characteristic angle-axis relations of the twin modes are directly observed 
through the selected ZA and the misorientation angles between the basal planes in the ad-
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joining domains. Fig 5.56 c) and d) exhibit the characteristic type 1 DTW misorientation angle 
of ≈ 38° about the common [21�1�0] ZA, which is created by tertiary TTW-ing within the 
secondary CTW. As a consequence, the interface between the primary TTW and the tertiary 
DTW does not correspond to a common Mg twin plane (�101�2�<101�1�>, �101�1�<101�2�>, 
�101�3�<303�2�>), although the sequential activation of CTW-ing and internal TTW-ing creates 
a characteristic angle-axis pair. As a result very thin residual CTWs separate the tertiary 
DTW and the primary TTW at the atomic scale. Apparently, there is no direct connection 
between the primary TTW and the DTW. 

 
Fig 5.56: HR-TEM analysis of the a) primary TTW (A) – secondary CTW (B) interface, b) secondary CTW 

(B) – tertiary DTW interface (C), c) primary TTW – tertiary DTW interface, d) higher magnification of c). The 
white dashed lines correspond to the basal planes [Len14a]. 

Fig 5.57 and Fig 5.58 reveal the atomic order and disorder within the vicinity of the TTW-
CTW-DTW triple point. Here, the lattice is highly distorted and hence, Fourier filtering was 
applied using the 0002 and 01�10 spots of the three twinned domains. Thereby, the respec-
tive lattice planes appear as straight lines, while all other directions are omitted. Hence, the 
(0002) and the (01�10) planes, which are tilted on edge can be analyzed separately. Fourier 
filtering was successfully applied, although the separation of the 0002 and the 01�10 spots of 
the CTW and the DTW is complicated by the ≈ 86° rotation, which causes a very small dis-
tance between the corresponding spots. Fig 5.57 displays the filtered (0002) planes and  
Fig 5.58 exhibits the filtered (01�10) planes. Both figures contain several dislocations, which 
are marked with black arrows.  
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Fig 5.57: HR-TEM and inverted FFT using the 0002 spots: a) HR-TEM, b) (0002) planes of the CTW (B), c) 
(0002) planes of the DTW (C), d) (0002) planes of the TTW (A). Black arrows mark dislocations. Boundary 
colorcoding: TTW = red, CTW = yellow, DTW = green. White dashed lines show (011�0) planes [Len14a]. 

 
Fig 5.58: HR-TEM and inverted FFT using the 011�0 spots: a) HR-TEM, b) (011�0) planes of the CTW (B), c) 
(011�0) planes of the DTW (C), d) (011�0) planes of the TTW (A). Black arrows mark dislocations. Boundary 
colorcoding: TTW = red, CTW = yellow, DTW = green. White dashed lines show (0002) planes [Len14a]. 
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Regarding these dislocations, there are two interesting findings. First, several <0001> dislo-
cations were observed within the TTW-CTW interface (Fig 5.57 d)) and in the distorted area 
of the triple point (Fig 5.57 b), c)). Dislocations of this type occur in all twins and were ob-
served within the twin boundaries or their vicinity. Second, Fig 5.58 exhibits many basal dis-
locations within the different twins with respect to the (011�0) planes. These are either projec-
tions of <a> or <01�10> partial dislocations generated by the dissociation of <a> dislocations 
via the dislocation dissociation 1

3
�12�10�= 1

3
�01�10�+ 1

3
[11�00] (e.g. [Par67, Pek13]). The majority 

of the basal dislocations were observed within the (011�0) planes of the CTW, while fewer 
dislocations were detected in the DTW and the TTW lattice. Interestingly, the comparison of 
Fig 5.58 a) and d) visualizes a basal dislocation within the previously observed line pattern. 

Given that the predominantly observed DTW variant (type 1), which is also dominant in the 
present alloy, has been correlated to the onset of flow localization, void formation and frac-
ture, as the activity of <a> basal slip is significantly enhanced within the narrow DTW 
[Won67, Bar07b, Ciz08], it is important to identify ways to suppress the activation of DTW-
ing. Here, grain refinement is a promising approach to minimize the DTW-ing activity as it is 
known to hinder twinning in many classes of metals (e.g. [Hul61, Lin63, Eco83, Chr95, 
Mey01, Bar04, Cer07, Bar08b, Jai08]) and is generally applicable. In order to analyze dg 
effects on three generations of twins, samples of extrusions A and J were compressed to εe = 
-15 % and analyzed using EBSD (Fig 5.59). These extrusions feature the largest available 
spread of the average dg, while the textures only differ mildly in intensity. This enables the 
analysis of dg effects, decoupled from strain, strain rate, and texture effects. 

As can be seen by the red color (Fig 5.59 a) and b)), the analysis indicates that almost all 
parent grains are entirely overtaken by TTWs in case of the CG sample (extrusion A). Here, 
it should be noted that the parent grains are overtaken by one primary TTW variant causing 
equivalent dg of the parent and the TTW. In contrast the FG sample (extrusion J) contains 
several grains that have not been overtaken by TTW-ing completely or have not twinned at 
all. The volume fraction of the primary TTWs was determined from the EBSD data by evalua-
ting the fiber volume of the <0002> texture component. Therefore, the interval Ψ = 60° - 90° 
and φ = 0° - 360°, was assigned to primary TTW-ing. The TTW volume fractions are 81 % 
(CG, extrusion A) and 65 % (FG, extrusion J) and the MDFs computed from the entire maps 
(Fig 5.59 c) and d)) reveal a higher relative frequency of TTW boundaries (≈ 86°) in case of 
the FG sample. These results are consistent with the previously reported HP effect in TTW-
ing [Bar04, Bar08b, Jai08]. 

Even more importantly, a significantly reduced number of CTWs and DTWs was observed in 
case of the FG sample. While the CG (Fig 5.59 a)) contains numerous type 1 DTWs and 
occasional CTWs, the FG sample (Fig 5.59 b)) exhibits a very limited number of DTWs. In 
this sample, the sum of the CTWs and the DTWs is less than 5 in the entire 248 µm x 
248 µm map (not shown). This result is supported by the comparison of the corresponding 
MDFs (Fig 5.59 c) and d)). In case of the CG three maxima were observed. The insets pro-
vide a more accurate quantitative description of these maxima through plotting the distribu-
tion of the rotation axis distributions. Thereby, the maxima can be correlated to the activity of 
twin modes (cf. Fig 2.7): Within the angular range from 35° - 40° the most frequent rotation 
axis is <21�1�0> identifying type 1 DTWs. Within 54° - 58° the predominant rotation axes are 
<101�0> axes and less frequent <21�1�0> axes. The former mentioned angle-axis pair is 
generated, when different TTW variants [Nav04, Mu12] intersect, while the latter is 
characteristic for CTW boundaries. Within misorientation angle range 84° - 86°, the dominant 
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rotation axis is <21�1�0>. This angle-axis pair is characteristic for TTW boundaries. Fig 5.59 c) 
indicates that DTWs are the most frequent high angle grain boundaries in the CG sample, 
while the number of CTW and DTW boundaries is too low to generate a local maximum in 
the MDF in case of the FG sample (Fig 5.59 d)). Thereby, it was shown that CTW-ing and 
DTW-ing can be largely eliminated by reducing the mean dg from ≈ 30 µm to ≈ 5 µm in this 
alloy confirming a pronounced HP effect on these deformation modes. 

 
Fig 5.59: a) and b) EBSD maps highlighting CTW (yellow) and type 1 DTW (green); a) extrusion A, b) 
extrusion J (detail of a 248 µm x 248 µm map). White arrows mark DTWs in the FG samples. c) and d) 
correlated MDF: c) extrusion A; CG, d) extrusion J; FG. Please note the different scale bars [Len14b]. 

5.3.3.3 EPSC simulations 
To reveal the underlying deformation mechanisms, their individual activation stresses and 
hardening characteristics of the above describe microstructural development during loading a 
combination of in-situ EDXRSD and EPSC modeling was employed. Flow curves were used 
to characterize the model material parameters. Fig 5.60 compares the simulated and the 
measured flow curves. As has been shown in the above section the L4 alloy exhibits com-
plex deformation behavior involving twinning and several slip modes, each hardening and 
interacting with one another differently. Considering such complexities, and the fact that the 
simulated flow curves, texture evolutions, and εhkl agree satisfactory with experimental data, 
the model is considered reliable for interpreting the deformation. The observed discrepancies 
are most likely related to the limitation of the self-consistent homogenization scheme, which 
accounts for grain-to-grain interactions only in an average sense without explicit neighboring 
effects. Here, it should be noted that the tensile εhkl of the FG sample (extrusion J) have not 
been measured due to the restricted availability of beamtime. Hence, a laboratory tension 
flow curve was used as reference for the simulation. The corresponding single-set of hard-
ening parameters for the slip and twinning modes are given in Table 5.13 and Table 5.14. 
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With these parameters, the textures, εhkl evolution, and relative slip and TTW-ing activity 
were predicted. Fig 5.61 compares the measured and the simulated textures using of IPFs 
parallel to the ED (= load direction). Fig 5.62 provides the comparison of the measured and 
the predicted εhkl evolution, while Fig 5.64 illustrates the predicted relative deformation mode 
activities. These data are discussed in turn below. 

 
Fig 5.60: Comparison of the experimental and simulated flow curves: a), b) compression, c), d) tension. 

Lower elongations to failure in tension might be attributed to downscaled samples and sample mounting 
for in-situ EDXRSD experiments [Len15a]. 

Table 5.13: Hardening parameters for slip systems [Len15a]. 
 L4  
Parameter <a> prism <a> basal <c+a> pyr 
𝜏𝜏0,𝑓𝑓
𝑠𝑠

 (MPa) 14 5 52 
𝑘𝑘1𝑠𝑠 (m

-1) 2.5E+08 1.5E+08 5.5E+09 
𝑆𝑆𝑠𝑠

 (MPa) 2.5E+03 3.5E+03 3.3E+03 
𝑔𝑔𝑠𝑠  3.3E-03 3.3E-03 9.0E-03 
𝜌𝜌0 (m-2) 1.5E+12 1.5E+12 1.5E+12 
𝐻𝐻𝐻𝐻𝑆𝑆 160 90 20 
𝐶𝐶𝑠𝑠𝑡𝑡 50 50 450 

 
Table 5.14: Hardening parameters for TTW-ing [Len15a]. 

Parameter L4 
𝜏𝜏0𝑡𝑡 (MPa) 25 
𝐻𝐻𝐻𝐻𝑡𝑡 145 

 
As presented in Table 5.13 and Table 5.14, the simulation allowed the characterization of the 
slip and twin activation stresses and energies separately from dg effects. Two important find-
ings emerged: 
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1. As shown in Table 5.13, the slip activation stresses 𝜏𝜏𝑓𝑓,𝑓𝑓
𝑠𝑠  increase in the order: 

<a> basal < <a> prismatic < <c+a> pyramidal slip. This order is the same as that ob-
served in other Mg alloys (e.g. [Agn06a, Cla08, Kne10, Bey11b, Opp12]).  

2. The twin activation stresses 𝜏𝜏0𝑡𝑡 for TTW-ing is higher than 𝜏𝜏𝑓𝑓,𝑓𝑓
𝑠𝑠  for <a> prismatic 

(Table 5.13 and Table 5.14, Fig 5.63), deviating from the usually observed order for 
other Mg alloys [Agn06a, Cla08, Kne10, Bey11b, Opp12].  

As has been shown in sections 5.3.3.1 and 5.3.3.2 grain refinement significantly increases 
the yield strength of the samples. To evaluate how each slip mode may have contributed to 
this dg effect, the HP coefficients given in Table 5.13, Table 5.14 (cf. Eq. 4.14) were adopted 
within the conducted simulations. Here, TTW boundaries were not considered as barriers in 
the simulation, in contrast to grain boundaries. In Mg TTWs propagate very quickly and 
hence, TTW boundaries are not expected to introduce effective barriers for dislocations 
[Cap09a, Kne10, Opp12]. The analysis suggests that <a> prismatic slip and TTW-ing are 
more sensitive to grain refinement than <a> basal and <c+a> pyramidal slip (Table 5.13 and 
Table 5.14, Fig 5.63). This result is generally consistent with previous reports of higher 
macroscopic HP coefficients for twinning than for slip in other Mg alloys [Mey01, Bar04, 
Bar08a]. In particular the enhanced sensitivity of TTW-ing to dg found for the present alloy 
indicates that a significant reduction of TTW-ing is expected as dg decreases, which has 
been shown indeed using EBSD in section 5.3.3.2 (Fig 5.59). 

 
Fig 5.61: Comparison of the measured and simulated texture evolution (IPFs ||ED) [Len15a]. 

Fig 5.62 compares the measured and the simulated εhkl evolution of the (101�0), (0002), 
(101�1), (112�0) and (202�1) reflections. Generally, grains, which belong to the (101�1) reflection 
display the lowest εhkl. Such grains feature a high SF for <a> basal slip, which is the softest 
deformation mode in Mg alloys. The reflections (101�0), (112�0) and (202�1) correspond to 
grains, which exhibit a high SF for <a> prismatic slip, and in compression tests, a high SF for 
TTW-ing and a low SF for <a> basal slip. These εhkl are consistently higher than the (101�1) 
εhkl, being in good agreement with previous investigations of other Mg alloys (e.g. [Agn06a, 
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Cla08, Mur10a, Len13]) and with the present simulations predicting a higher CRSS (𝜏𝜏𝑓𝑓,𝑓𝑓
𝑠𝑠 ) for 

<a> prismatic slip and TTW-ing than that for <a> basal slip.  

 
Fig 5.62: Comparison of the experimental εhkl data (colored) and simulation (gray lines) results: a, c) 

compression and b) tension. Due to texture effects some reflections could not be accurately measured 
and hence were not evaluated. In this case the label “not available” was added. The tensile εhkl of the FG 

sample have not been measured due to the restricted availability of beamtime [Len15a]. 

Overall, the εhkl of grains corresponding to (101�0), (101�1), (112�0) and (202�1) reflections in-
crease only slightly during plastic deformation, which means limited hardening of <a> basal 
and <a> prismatic slip. This finding is captured by the model, as can be seen in Fig 5.63 for 
the average CRSS evolution during compression tests. Based on the initial texture, the 
(0002) reflection is not present initially, but generated during compression via TTW-ing. 
Therefore, the (0002) reflection corresponds to the TTWs and the (0002) εhkl evolution be-
comes measureable as soon as a sufficient volume fraction of TTWs has formed. The initial 
absence of the (0002) reflection prevents the determination of 𝐸𝐸00002 from the pre-loading 
diffraction pattern introducing a higher uncertainty in the absolute value of the (0002) εhkl. 
However, the measurement shows significant hardening of the TTWs, which is associated to 
the strain accommodation via <c+a> pyramidal slip as will be shown below.  

 
Fig 5.63: Evolution of the average CRSS during compression within the parent grains and the TTWs: a) 

CG, extrusion A; b) FG, extrusion J. 

The c-axis of the generated TTWs are spread about the (compression) load axis, which re-
sults in low but non-negligible SFs for the <a> basal and <a> prismatic slip. The EPSC model 
predicts a high activity of these <a> slip modes during the initial deformation of the TTWs. 
This finding is supported by the TEM analysis in [Len14a] (Fig 5.55 and Fig 5.58), which pro-
vides evidence for extensive basal slip and basal stacking faults within the primary TTWs (as 
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well as in secondary and tertiary twins)2. During the deformation the grains reorient further 
causing the activation of the hard <c+a> pyramidal slip mode. The activation of <c+a> 
pyramidal slip causes pronounced hardening as well as a sigmoidal shape of the (0002) εhkl. 
The observed εhkl evolution and the negligible effect of twin boundaries on the hardening 
indicate that the sigmoidal shape of the macroscopic flow curve is predominantly generated 
through the activation of pyramidal <c+a> slip within the TTW domains. 

 
Fig 5.64: Relative activities of the active deformation modes predicted by the EPSC model: a), b) 

compression, c), d) tension [Len15a]. 

Fig 5.64 displays the EPSC prediction of the deformation mode activity as a function of the 
applied strain in: a), b) compression and c), d) tension. The calculations for the compression 
tests support above described findings. In compression, the model suggests that the initial 
deformation is realized mainly by <a> prismatic slip and TTW-ing and to a minor extent by 
<a> basal slip. As TTW-ing continues to overtake the parent grains the TTW-ing activity de-
creases. The reorientation generated by TTW-ing and additionally the grain rotation via <a> 
basal slip rotates grains, which results in an alignment of the c-axis with the load direction at 
strains > -10 % (Fig 5.61). Thereby, an enhanced activity of the hard <c+a> pyramidal slip is 
generated. Fig 5.64 b) displays a significantly reduced TTW volume fraction due to grain 
refinement. This result is in good agreement with above described EBSD results. The 
simulations further indicate that the reduced TTW-ing activity is compensated by an 
increased relative activity of <c+a> pyramidal slip. This prediction can be supported through 
careful examination of the compression flow curve of the FG sample within the vicinity of the 
CYS. Here, it is observed that yielding occurs before the plateau characteristic of active 
TTW-ing is reached. This indicates that dislocation slip occurs prior to the activation of TTW-

2 This finding will be derived in section 6.4.2.4. 

79 

                                                



Results 
 

ing. Taken together, these results suggest a more pronounced dg effect on TTW-ing than on 
dislocation slip, which has been conjectured for Mg alloys [Bar04, Bar08b]. The EPSC model 
predictions for the tensile tests in Fig 5.64 c) and d) indicate that tensile deformation is 
realized mainly via <a> prismatic slip with some <a> basal slip activity. More significantly, 
<c+a> pyramidal slip is activated in both specimens, confirming previous studies reporting an 
enhancement of <c+a> pyramidal slip in Mg-Li alloys (e.g. [Agn01, Agn02, Als09]).  

5.4 LA41 

5.4.1 Extrusion billets 
Fig 5.65 displays a micrograph of a LA41 cast billet. The grains are larger than in the other 
alloys, where the dg is within the range from 300 µm to 1 mm. Like the L4 billets, the LA41 
billets featured a relatively large porosity, where the size of the voids was up to several mil-
limeters, as well as (Al-)Si rich precipitates and Mg oxides, which were not expected in this 
alloy.  

 
Fig 5.65: Micrograph of a LA41 cast billet: a) grain structure, b) Mg oxide, c) Si-rich phase. 

5.4.2 Extrusion products 
Within this study five extrusion trials (Table 5.15) were carried out to analyze the effect of TB, 
R and the cooling conditions on the microstructure, texture and mechanical properties. In 
contrast to the L4 alloy, additional trials using TB = 200 °C, higher R (41 : 1 or 71 : 1) and 
water cooling could not be conducted due to the higher strength of this alloy. Here, the 
required extrusion force would exceed the available capacity of the used extrusion press. 

Table 5.15: Summary of the applied extrusion parameters. 
Extrusion TB, 

°C 
R Product speed, 

m/min 
Cooling Peak force, 

MN 
A 200 25 : 1 1.7 air 7.0 
B 200 41 : 1 1.7 air 7.7 
C 200 25 : 1 1.7 water 8.1 
D 250 41 : 1 1.7 air 6.0 
E 300 41 : 1 1.7 air 5.0 

 

5.4.2.1 Microstructure and texture 
Fig 5.66 displays exemplary micrographs of the LA41 extrusion illustrating the effect of the TB 
on the microstructure. The extruded bars exhibit a widely recrystallized microstructure, apart 
from occasional large grains, elongated parallel to the ED. The influence of the extrusion 
parameters on the generated average dg is illustrated in Fig 5.67 and summarized in Table 
5.16. In agreement with the above reported results for ME21, WE54 and L4 extrusions, in-
creasing TB and air cooling result in increased average dg. Water cooling appears to be most 
effective in reducing the average dg of this alloy. Comparing equivalent extrusion parameter 
sets the LA41 extrusions consistently exhibit smaller average dg than the L4 alloy indicating a 
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grain refining effect of the Al addition. The comparison of Fig 5.48 and Fig 5.67 shows that 
grain growth saturates faster in the L4 alloy than in the LA41 alloy. An increase of the TB from 
250 °C to 300 °C caused an increasing average dg of the LA41 alloy, while the dg of the L4 
alloy did not show a further increase.  

 
Fig 5.66: Microstructure of extrusions, which were processed using R 41 : 1 and air cooling [Len15a]. 

 
Fig 5.67: Histograms showing the effect of the extrusion parameters on the dg [Len15a]. 

Table 5.16: Applied extrusion parameters and resulting average dg (µm) [Len15a]. The standard deviation 
of the log-normal distribution is approximately 0.6 µm. 

TB, cooling LA41 
R 25 : 1 R 41 : 1 

200 °C, air 12 11 
200 °C, water 5 - 

250 °C, air - 14 
300 °C, air - 21 

 

 
Fig 5.68: SEM images showing (Al-)Si-rich phases (ED↑) [Len15a]. 

In addition, all extruded bars contained (Al-)Si rich phases, which appear as necklace struc-
tures parallel to the ED and were likely introduced during casting. Fig 5.68 displays a typical 
example of these phases. Using TEM no evidence of finer precipitates was found.  
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Moreover, the extrusion parameters had some influence on texture development (Fig 5.69). 
The extrusions feature typical <101�0> or <101�0>/<112�0> extrusion fiber textures, where 
changing TB and R introduce only very slight deviations of the maximum intensity, while wa-
ter cooling sharpens the texture significantly generating a pronounced <101�0> fiber texture. 

 
Fig 5.69: IPFs showing the effect of the extrusion parameters on the texture development (|| ED): a) Effect 

of R and the cooling conditions, b) effect of the TB using a constant R 41 : 1 and air cooling [Len15a]. 

5.4.3 Mechanical properties 
The shown grain refinement influences the mechanical properties, which will be depicted in 
the following sections using the macroscopic flow curves, the microstructural and texture 
development during deformation and EPSC simulations. 

5.4.3.1 Flow curves 
Fig 5.70 displays the flow curves of the extruded bars, the yield strengths and SDE of the 
samples are given in Table 5.17.  

 
Fig 5.70: Flow curves of the extruded bars tested in uniaxial compression and tension [Len15a].  

As has been reported for the L4 alloy (section 5.3.3.1) all tested samples feature a slightly 
higher CYS than TYS and a small and positive SDE deviating from common Mg alloys. Like 
the L4 alloy, the LA41 extrusion feature typical flow curves, where the compression flow 
curve exhibits a pronounced sigmoidal shape, while the tension flow curves do not display 
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any signs of important twinning activity. Again, grain refinement is the dominant parameter 
influencing the strength of this alloy analogous to the L4 alloy (Table 5.17). As might be ex-
pected the strength of the LA41 extrusions is higher in case of the LA41 extrusions than for 
the L4 alloy. Surprisingly, both alloys feature significantly lower elongations to failure than 
previously reported (e.g. [Als09]). 

Table 5.17: Tension compression yield asymmetry specified by the TYS, CYS and SDE of the extruded 
bars. The error of CYS and TYS is below 5 MPa [Len15a]. 

TB, cooling LA41 
R 25 : 1 R 41 : 1 

CYS, 
MPa 

TYS, 
MPa 

SDE, 
- 

CYS, 
MPa 

TYS, 
MPa 

SDE, 
- 

200 °C 
air -106 101 0.05 -112 105 0.06 

200 °C 
water -136 132 0.03 - - - 

250 °C 
air - - - -108 102 0.06 

300 °C 
air - - - -104 100 0.04 

5.4.3.2 Deformed microstructure 
In case of the LA41 alloy the microstructural development during deformation is analogous to 
the L4, which has been depicted in detail in section 5.3.3.2. Therefore, an abbreviated de-
scription of deformed microstructure will be presented. The texture development will be dis-
played in conjunction with the EPSC simulations.  

 
Fig 5.71: a) and b) EBSD maps highlighting CTWs (yellow) and type 1 DTWs (green); a) extrusion E (MG), 
b) extrusion C (FG) (detail of a 248 x 248 µm² map). White arrows mark DTWs in the FG samples. c) and d) 

correlated MDF: c) extrusion E (MG), d) extrusion C; FG. Please note the different scale bars [Len14b]. 
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A sequential activation of primary TTW-ing, secondary CTW-ing and tertiary DTW-ing was 
observed, where the DTWs are almost exclusively type 1 DTWs. Thereby, the pronounced 
variant selection in DTW-ing was confirmed. Analogous to Fig 5.59, Fig 5.71 displays EBSD 
maps and MDFs of a medium grained (MG; extrusion E) and a FG sample (extrusion C), 
which were compressed to εe = -15 %. The TTW volume fractions are 76 % (MG) and 73 % 
FG, confirming the HP effect of TTW-ing. In addition, the analysis confirms a significantly 
reduced amount of DTWs within the FG sample, confirming a more pronounced HP effect on 
CTW-ing and DTW-ing than on TTW-ing. However, the microstructure of FG LA41 sample is 
less homogeneous than the FG L4 sample enabling the investigation of dg effects on CTWs 
and DTWs within one sample providing additional insights. Several DTWs were observed, 
but only within the larger grains, and have been marked using white arrows. The FG fraction 
does not contain significant amounts of CTWs or DTWs supporting the previously observed 
HP effect on these deformation modes. In addition, the contraction twins (including CTWs 
and DTWs) correspond almost exclusively to type 1 DTWs in both the MG and the FG, al-
though the amount of twins and hence the statistic dataset are very limited in the FG sam-
ples. This indicates that the CTW-DTW transition takes place readily regardless of the dg. 

5.4.3.3 EPSC simulations 
To analyze the underlying deformation mechanisms, their individual activation stresses and 
hardening characteristics causing the above described mechanical properties and defor-
mation behavior a combination of in-situ EDXRSD and EPSC modeling was employed. Flow 
curves (Fig 5.72), texture development (Fig 5.73) and εhkl (Fig 5.74) were used to extract the 
required parameters. Fig 5.72 provides a comparison of the simulated and the measured 
flow curves.  

 
Fig 5.72: Comparison of the experimental and simulated flow curves: a), b) compression, c), d) tension. 

Lower elongations to failure in tension might be attributed to downscaled samples and sample mounting 
for in-situ EDXRSD experiments [Len15a].  
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Considering the above described complex deformation behavior the predicted flow curves, 
texture evolutions, and εhkl exhibit sufficient agreement with the experimental measures to 
enable the interpretation of the deformation. As has been mentioned above the discrepan-
cies between the measured and simulated flow curves are most likely caused by the limita-
tion of the self-consistent homogenization scheme considering grain-to-grain interactions 
only in an average sense without explicit neighboring effects. The applied single-set of hard-
ening parameters for the slip and TTW-ing are given in Table 5.18 and Table 5.19. Within 
these tables the parameters, which deviate from the parameters used to model the defor-
mation of the L4 extrusions are highlighted.  

Table 5.18: Hardening parameters for slip systems [Len15a]. 
 LA41 
Parameter <a> prism <a> basal <c+a> pyr 
𝜏𝜏0,𝑓𝑓
𝑠𝑠

 (MPa) 20 9 60 
𝑘𝑘1𝑠𝑠 (m

-1) 2.5E+08 1.5E+08 5.5E+09 
𝑆𝑆𝑠𝑠

 (MPa) 2.5E+03 3.5E+03 3.3E+03 
𝑔𝑔𝑠𝑠  3.3E-03 3.3E-03 9.8E-03 
𝜌𝜌0 (m-2) 1.5E+12 1.5E+12 1.5E+12 
𝐻𝐻𝐻𝐻𝑆𝑆 160 90 20 
𝐶𝐶𝑠𝑠𝑡𝑡 50 50 450 

 
Table 5.19: Hardening parameters for TTW-ing [Len15a]. 

Parameter LA41 
𝜏𝜏0𝑡𝑡 (MPa) 22 
𝐻𝐻𝐻𝐻𝑡𝑡 145 

 

 
Fig 5.73: Comparison of the measured and simulated texture evolution (IPFs ||ED) [Len15a]. 

As has been shown above for the L4 alloy the slip activation stresses 𝜏𝜏𝑓𝑓,𝑓𝑓
𝑠𝑠  increase in the 

following order: <a> basal < <a> prismatic < <c+a> pyramidal slip. In addition, as might be 
anticipated, alloying with Al increases the 𝜏𝜏𝑓𝑓,𝑓𝑓

𝑠𝑠  of all slip modes. Like in the L4 alloy the twin 
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activation stress 𝜏𝜏0𝑡𝑡 for TTW-ing is higher than 𝜏𝜏𝑓𝑓,𝑓𝑓
𝑠𝑠  for <a> prismatic slip, although the Al 

additions appears to increase the athermal stresses for slip, it lowers the activation stress for 
TTW-ing 𝜏𝜏0𝑡𝑡. Even though this finding might be surprising, it can be supported by recent first-
principles calculations, which will be discussed in section 6.4.2.5. Furthermore, the calcu-
lations suggest that alloying with Al increases the activation energy 𝑔𝑔𝑠𝑠 of <c+a> pyramidal 
slip. In order to capture hardening through grain refinement the same HP coefficients like in 
the L4 alloy were used. The texture development (Fig 5.73), the εhkl (Fig 5.74) and the CRSS 
evolution (Fig 5.75) as well as the relative deformation mode activities (Fig 5.76) evolve in 
accordance with the description given in section 5.3.3.3 and therefore, will be introduced only 
briefly. 

 
Fig 5.74: Comparison of the experimental εhkl data (colored) and simulation (gray lines) results: a, c) 

compression b, d) tension. Due to texture effects some reflections could not be accurately measured and 
hence were not evaluated. In this case the label “not available” was added [Len15a]. 

In compression the texture evolution is initially dominated by TTW-ing resulting in a sudden 
reorientation of the <101�0>/<112�0> texture components (Fig 5.73 and Fig 5.76). The twins 
deform initially by <a> slip systems, while the hard <c+a> pyramidal slip mode becomes in-
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creasingly active with increasing strains. In tension, TTW-ing is omitted due to the crystallo-
graphic texture; the texture development is governed by the activation of <a> slip system. 
However, the predicted relative deformation mode activities reveal a non-negligible contribu-
tion of <c+a> pyramidal slip during tensile deformation (Fig 5.76). 

 
Fig 5.75: Evolution of the average CRSS during compression within the parent grains and the TTWs: a) 

extrusion E (MG), b) extrusion C (FG). 

Again, grains deforming predominantly by <a> basal slip feature the lowest εhkl (e.g. (101�1)), 
while those grains, which require the activation of non-basal slip systems and TTW-ing, ex-
hibit higher εhkl. TTWs corresponding to the (0002) reflection exhibit pronounced hardening, 
which is associated to the substantial activation of <c+a> pyramidal slip, while the (101�0), 
(101�1), (112�0) and (202�1) εhkl increase only moderately indicating limited hardening of <a> 
basal and <a> prismatic slip. This finding is confirmed by the simulations (Fig 5.75). 

 
Fig 5.76: Relative activities of the active deformation model predicted by the model: a), b) compression, 

c), d) tension [Len15a].
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6. Discussion 

6.1 Cast billets 
As shown in Fig 5.1 the ME21 cast billet features coarse grains as well as precipitates, which 
form due to the low solubility of Mn and Ce in Mg at ambient temperature (Fig 2.13). In 
particular Ce features a low maximum solubility of ≈ 0.5 wt% causing a high density of 
coarse Mg12Ce precipitates, which have been previously reported (e.g. [Hup10a, Hup11, 
Li11, Gal12]). In contrast Mn exhibits a maximum solubility of ≈ 2.2 wt% at ≈ 650 °C. 
However, the homogenization was conducted at 400 °C. At this temperature the solubility of 
Mn in Mg is low causing a high precipitate density of fine Mn-rich precipitates. TEM-EDS was 
used to determine their chemical composition (of extruded conditions) and revealed that 
these precipitates consist almost exclusively in Mn. Based on the binary Mg-Mn phase 
diagram (Fig 2.13 a)) it can be assumed that the fine precipitates correspond to the α-Mn 
phase.  

In contrast the WE54 alloy features a considerably smaller dg (Fig 5.25) and a very limited 
number of precipitates. Here, the homogenization was conducted at 525 °C, a temperature 
which enables high solute concentrations of Y and Nd (Fig 2.14). At this temperature the 
solubilities of Y and Nd in Mg are higher than the elements concentration within the investi-
gated alloys. In fact the applied homogenization has been previously used in [Nie99, Nie00, 
Ant03] to solutionize these elements in WE43 and WE54 alloys to enable the investigation of 
the precipitation sequence in these Mg-Y-Nd alloys. Although, the applied air cooling resulted 
in comparatively slow cooling rates the kinetics of precipitation in this alloy appear to be suf-
ficiently slow to retain Y and Nd almost completely in solid solution generating a SSSS. Nev-
ertheless, occasional precipitates were observed, which contained predominantly Y or Zr. Zr 
is a very effective grain refiner used in Mg alloys, which do not contain Al, Mn, Si or Fe 
[StJ05, Fri06]. Soluble and insoluble Zr contents contribute to grain refinement [StJ05] and to 
the generation of the homogeneous microstructure of the WE54 cast billets. 

While the ME21 and the WE54 alloys are commercial alloys, which are cast using industrial 
processes, the L4 and the LA41 alloys are experimental alloys, which were cast on 
laboratory scale. In addition, Li-containing melts feature a high reactivity regarding oxygen 
and humidity requiring shielding gas atmosphere during melting and casting [Kam00]. As 
shown in Fig 5.46 and Fig 5.65 the microstructure of the cast billets features relatively fine 
grains as well as various precipitates and inclusion including Mg oxides and (Al-)Si-rich 
phases, which were not expected based on the alloy composition. The origin of these 
precipitates is not entirely clear. Mg oxides form during the melting process if the molten Mg 
reacts with oxygen, when the melt is exposed to the atmosphere [Lun13]. The (Al)-Si rich 
phases might be caused by impurities of the master alloys or from refractory material. 
However, as these impurities are contained in intermetallic phases, they do not significantly 
alter the active deformation modes. Unfortunately, these phases are detrimental for the 
ductility and the elongation to failure, which will be discussed in section 6.4.2.4.  

6.2 Effect of the extrusion parameters on RX, microstructure and texture 
As has been shown in section 5, modifications of the extrusion parameters TB, R and cooling 
medium cause significant changes of the dg as well as texture modifications. Generally, in-
creasing TB result in increased average dg, while water cooling reduces the dg (Fig 5.3,  
Fig 5.27, Fig 5.48, Fig 5.67, Table 5.2, Table 5.6, Table 5.11, Table 5.16). In addition, 
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increasing R appear to reduce the dg with the exception of the ME21 alloy. Considering the 
investigated extrusion parameters, water cooling is most effective reducing the dg.  

6.2.1 ME21 
The effect of the extrusion parameters on the microstructure and texture of the ME21 extru-
sions is illustrated in section 5.1.2. As has been reported in [Hup10a], the ME21 alloy gener-
ally features a homogeneous relatively FG microstructure, where large elongated grains are 
observed only very occasional compared to the most commonly used AZ31 alloy (e.g. 
[Boh05, Hup10b, Hup11]). Comparing equivalent extrusion parameter sets, the ME21 extru-
sions feature significantly smaller average dg than the WE54 extrusions. In [Sta10b] and 
[Mis08] it is shown that Ce is an effective grain refiner. In addition, the presence of the fine 
Mn precipitates is likely to decelerate GC. According to [Doh97], closely spaced particles pin 
grain boundaries (Zener pinning). Robson et al. [Rob11b] showed that the presence of a fine 
Mn particle dispersion allows retaining a largely unrecrystallized microstructure after hot roll-
ing in Mg-Mn alloys. Gall [Gal12] observed smaller DRX dg in extruded ME21 sheets than in 
AZ31 extrusions, which was attributed to a Zener pinning effect of the Mn precipitates and to 
grain refining effects of the Ce addition.  

Fig 5.3 a) displays very low dg ≈ 5 µm using TB = 450 °C or TB = 500 °C and water cooling. 
Using these extrusion parameters, the TP is relatively low and therefore, the grain boundary 
mobility is low limiting GC. In contrast TB = 550 °C resulted in a significant increase of the 
average dg to ≈ 20 µm. The higher TB caused a higher TP, which in turn enhances the grain 
boundary mobility and GC. This explanation is supported by post extrusion annealing ex-
periments [Brö11] revealing a very low grain growth rate at 400 °C, where the average dg 
increased from 5.6 µm to 7 µm within 24 h, and pronounced GC at 550 °C.  

In contrast to TB and cooling medium effects on dg the effect of R is not unambiguous. Fig 5.3 
b) exhibits a minimal dg using R 41 : 1. This minimum is generated, because R is correlated 
to two opposing trends, which superimpose each other. R is coupled to the true strain (φ) via 
φ = ln(R). Consequently, an increased R corresponds to a higher strain being related to a 
higher stored dislocation density. According to [Hum95] the stored energy is proportional to 
the dislocation density: ~ 0.5ρGb², with ρ, G and b being the dislocation density, the shear 
modulus and the Burgers vector. Therefore, an increased dislocation density increases the 
driving force for RX accelerating the kinetics of DRX. In addition, more pronounced strain in-
homogeneities are generated adding nucleation sites, which might influence the DRX mech-
anisms [Hum95]. Following this line of thought a decreasing average dg would be expected, if 
R is increased. However, the plastic deformation results in increasing TP, where the temper-
ature increment ΔT can be estimated using [Bau01]: 

∆𝑇𝑇 =
𝑘𝑘𝑓𝑓𝜑𝜑
𝜌𝜌𝑐𝑐𝑚𝑚

 
(6.1) 

 
with 𝑘𝑘𝑓𝑓, 𝜑𝜑, 𝜌𝜌, 𝑐𝑐𝑚𝑚 being the yield stress, true strain, density and specific heat capacity. The 
increased TP promotes GC through higher grain boundary mobility. The conducted extrusion 
trials show that R 41 : 1 provides an optimum combination of the superimposing effects for 
the generation of a small dg.  

The generated extrusion textures (Fig 5.4) are similar to those previously reported by 
[Hup10a, Hup11, Brö11]. From Fig 5.4 several important findings emerge:  
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1. The maximum density is shifted towards the <101�1>, <112�1> or <112�2> texture compo-
nent, in contrast to conventional Mg extrusion featuring pronounced <101�0>, <112�0> or 
<101�0>/<112�0> textures.  
2. The RE texture component is enhanced if high TB and low cooling rates are applied, indi-
cating that the RE texture component is related to GC.  
3. Higher R appear to enhance the shift of the maximum density from <101�0>/<112�0> to-
wards <101�1>/<112�2>. 

The origin of the RE texture component has been analyzed in many studies investigating 
various RE elements and considering PSN (e.g. [Bal94]), SBN [Sta08a, Sen08, Han10, 
Hup10a, Gal12, Had12, Bas13, Bas14, Han14] and solute segregations at grain boundaries 
[Boh10, Sta10a, Als11, Sta11, Had12, Hir13]. In agreement with previous studies [Hup10a, 
Gal12] PSN, GBN, SBN and nucleation at twin boundaries (TBN) were observed analyzing 
the front-ends of the extrusions, which feature a lower true strain and therefore, are partially 
recrystallized (Fig 6.1). The percentage of each nucleation mechanism varied between the 
extruded bars. For example extrusion B featured an uncommonly high contribution of PSN, 
while extrusion D displayed predominantly SBN. However, the resulting textures of both ex-
truded bars are very similar varying only in the maximum intensity, indicating that the nuclea-
tion mechanism might not be determining the texture. Similar results were found by Basu et 
al. [Bas13] comparing rolled Mg 1 wt% Ce and Mg 1 wt% Gd alloys. Although, the RX be-
havior of both alloys was governed by SBN, the Mg-Gd alloy displayed significant texture 
modification, while the Mg-Ce alloy showed no potential for rolling texture modification. The 
observation that the RE texture component is enhanced during GC indicates that the texture 
modification might be related to selective GC as has been suggested in [Brö11] and was 
observed in section 5.1.3. The importance of selective GC with respect to texture develop-
ment will be elaborated further in section 6.3.1.  

 
Fig 6.1: Micrographs of the front-ends of ME21 extrusion: PSN (extrusion B), b) SBN (extrusion D). 

 
Fig 6.2: IPFs (||ED) illustrating the shifting maximum density as a function of the applied R. a) [Hup10a], b) 

present study. 
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In terms of texture randomization and of promoting <a> basal slip, the shift of the maximum 
intensity towards the <101�1> pole is of great importance. In [Hup10a] a conventional 
<101�0>/<112�0> fiber texture was observed in ME21 extrusions, if low TB (= 420 °C) and low 
R (25 : 1) were applied, while an increased R (41 : 1) showed a shift of the maximum inten-
sity between <101�1> and <202�1> being in good agreement with the present results. Fig 6.2 
illustrates the shifting maximum intensity as a function of the applied R comparing the results 
of [Hup10a] (Fig 6.2 a)) and of the present study (Fig 6.2 b)). 

These IPFs reveal a pronounced effect of R and hence the true strain on the generated tex-
ture. Hadorn et al. [Had13] investigated hot rolled (400 °C) Mg-Ce alloys using TEM and in-
tragranular misorientation analysis (IGMA). They observed an increased amount of <c+a> 
pyramidal dislocations and non-basal <a> dislocations within the most concentrated alloy 
(0.49 at% Ce), which also featured the weakest texture indicating a possible impact of the 
active deformation modes on texture randomization. During the extrusion of round bars the 
deformation is dominated by compression along the radial direction. In uniaxial single crystal 
compression the slip plane normal tends to align with the load direction [Abb09]. Hence, the 
activation of the softest deformation mode <a> basal slip contributes to the formation of the 
<101�0>/<112�0> double fiber. However, the activation of non-basal slip modes particularly 
<c+a> pyramidal slip would alter the deformation texture and most likely effect the DRX. 
Given that the extrusion trials were performed at high temperatures and high R causing high 
plastic strains, a significant activation of non-basal slip modes including <c+a> pyramidal slip 
is possible and would explain the shifting maximum density, although the assumption of uni-
axial single crystal deformation and the neglected DRX provide a rough estimate only. A 
more accurate discussion of the texture effects would require crystal plasticity simulations 
including a possible as-cast texture, grain-grain interaction and RX simulation, which is be-
yond the scope of this study.  

6.2.2 WE54 
Analogous to the ME21 alloy the extrusion parameters affect the average dg (Fig 5.26, Table 
5.6), where higher TB promote GC via increased TP, while water cooling reduces the average 
dg by suppressing GC. Here, higher R result in smaller average dg indicating that the effect of 
a higher dislocation density through higher true strains is more important than the increasing 
ΔT.  

As has been mentioned above the WE54 extrusions (Table 5.6) generally feature larger 
average dg than the ME21 extrusions (Table 5.2). Due to the homogenization, which corre-
sponds to a solution heat treatment (e.g. [Nie00]), the amount of precipitates within the 
WE54 cast billet is very low. In addition, the solubility of Nd and particularly Y are high at the 
applied TB ≥ 450 °C and therefore, precipitation during the extrusion process is avoided. 
Consequently, precipitate effects including PSN and Zener pinning are negligible, while sol-
ute effects, which appear to be less effective in terms of grain refinement than the precipi-
tates in ME21, are more likely to occur. Hantzsche et al. [Han10] observed a grain refining 
effect of Y and Nd solutes in hot rolled and annealed binary alloys, where an addition of 
≈ 0.05 at% of the alloying elements generated a significant grain refinement, while increasing 
solute concentrations did not cause a further decrease in dg. In addition, they found a texture 
randomizing effect through the promotion of twins (CTW, DTW), which introduce nucleation 
sites featuring new orientations. Hadorn et al. [Had12] observed Y solute segregation at 
grain boundaries reducing the grain boundary mobility and decelerating GC. Using IGMA 
they showed an enhancement of non-basal <a> slip through the addition of Y stabilizing 
shear banding, twinning and SBN.  
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Fig 5.29 displays the very weak extrusion textures of the WE54 alloy, which are close to ran-
dom. Similar results were found by Ball and Prangnell [Bal94], who attributed the randomiza-
tion to PSN. However, within the present material the density of the precipitates is very low. 
Therefore, it is unlikely that PSN introduces drastic texture randomization. Via hot compres-
sion tests using various strain rates and temperatures SBN, twin boundary nucleation (TBN) 
and GBN, were observed in the homogenized WE54 cast billet, while PSN was found to be 
negligible [Len14d]. Using these hot compression samples the effect of SBN and GBN on 
texture randomization was investigated using EBSD (Fig 6.3). In agreement with previous 
studies (e.g. [Sta08a]) SBN was found to introduce a more pronounced texture randomiza-
tion than GBN.  

 
Fig 6.3: Effect of SBN (left) and GBN (right) on texture randomization. 

The combination of this result and the investigations of Hadorn et al. [Had13] and Hantzsche 
et al. [Han10] suggests that the texture randomization is attributed to SBN, TBN, solute seg-
regation and an enhanced activity of non-basal slip modes. The assumed higher activity of 
non-basal slip modes is also supported by [Agn01, San11, San12, San13] suggesting an en-
hanced <c+a> pyramidal slip activity in Mg-Y alloys as well as decreasing I1 SFE through Y 
and Nd solutes [San14].  

6.2.3 L4 and LA41 
The effect of the extrusion parameters on the microstructure and texture of the L4 (Fig 5.48, 
Table 5.11) and the LA41 (Fig 5.67, Table 5.16) extrusions are in agreement with the 
aforementioned discussion, where higher TB and air cooling promote GC and cause higher 
average dg. Higher R being equivalent to a higher shear strain generate higher dislocation 
densities and additional nucleation sites for DRX generating lower dg, while the increased ΔT 
appears to be an inferior effect like in the WE54 extrusions (cf. section 6.2.2, Table 5.6). Al-
though the extrusion trials were conducted at substantially lower TB, the average dg are high 
in comparison to the ME21 alloy. Both alloys (L4 and LA41) feature negligible amounts of 
precipitates apart from the (Al-)Si rich phases and MgO inclusions. Based on their size and 
distribution, these phases do not hinder GC significantly and therefore, no effective obstacles 
retarding GC are available. Comparing equivalent extrusion parameter sets for the L4 and 
the LA41 alloys reveals decreasing dg in case of the LA41 alloy. The reduced dg might result 
from a deceleration of GC via the solute Al or by an increased nucleation rate in the LA41 
alloy. In addition, GC saturates faster in the L4 alloy than in the LA41 alloy (Fig 5.48, Fig 
5.67). Increasing TB from 250 °C to 300 °C caused an increase in the average dg of the 
LA41, while dg of the L4 alloy did not increase further. Water cooling is the most effective 
parameter reducing dg particularly in the LA41 alloy, where R is limited by the capacity of the 
extrusion press. Using TB = 200 °C and R 71 : 1, water cooling and air cooling result in 
equivalent dg. This finding is most likely attributed to the high shear strain generating an in-
creased nucleation rate. A high density of nucleation sites limits the growth of each nuclei 
(and grain) reducing dg regardless of the applied cooling condition. 
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Both alloys feature conventional <101�0> or <101�0>/<112�0> Mg extrusion textures, which 
differ only in sharpness (Fig 5.50, Fig 5.69). Generally, the <112�0> texture component is 
enhanced in MG to CG samples, while FG samples exhibit <101�0> fiber. This difference indi-
cates that GC promotes the development of the <112�0> texture component as has been re-
ported in other Mg alloys such as AZ31 [Boh05, Hup10b, Hup11] and ZM20 [Mur10b]. Fur-
thermore, the Al addition appears to promote the <112�0> texture component as it is slightly 
enhanced in the LA41 extrusions. This finding was confirmed using post extrusion heat 
treatments; an 1 h 350 °C heat treatment caused a more pronounced enhancement of the 
<112�0> texture component (Fig 6.4).  

 
Fig 6.4: Effect of a 1 h 350 °C annealing on the texture of extrusions: a) L4, b) LA41. 

Al-Samman [Als09] investigated the microstructure and texture development of L4 samples 
during channel-die compression at room temperature, 200 °C and 400 °C and observed that 
GBN as well as nucleation at triple junctions was dominant. Similar results were found in hot 
compression test of L4 alloy, which were performed to assess viable extrusion parameter 
sets (not shown). Grains, which are formed via GBN feature similar orientations like the initial 
deformed grains, and hence, do not introduce important texture changes [Han14], a finding 
which is supported through the above mentioned EBSD results (Fig 6.3). According to 
[Als09] the activation of more deformation modes results in a more homogeneous defor-
mation and weaker texture. As it has been suggested that Li addition enhances <a> pris-
matic slip or <c+a> pyramidal slip (e.g. [Kel68, Agn01, Agn02, Als09]) a texture weakening 
effect might be expected in the L4 and LA41 alloys. However, the contribution of such non-
basal slip systems appears to be too low to significantly alter the extrusion textures. Conse-
quently, the predominance of <a> basal slip and GBN results in pronounced <101�0> or 
<101�0>/<112�0> fiber textures. 

6.3 Effect of heat treatments on the microstructure and texture 
In section 5.1.3 it was shown that heat treatments enable pronounced microstructural and 
texture changes in ME21 and WE54 extrusions. The microstructure and texture development 
will be discussed below. 

6.3.1 ME21 
Based on the investigations of Brömmelhoff et al. [Brö11] high temperature annealing were 
performed at 475 °C, 500 °C, 525 °C and 550 °C. To assess the kinetics of the texture evolu-
tion and to analyze possible temperature induced differences in texture development in-situ 
TOF neutron diffraction experiments were conducted at LANSCE-LC (LANL) using the 
HIPPO instrument. The results are displayed in section 5.1.3.1. As expected, the applied 
heat treatment promote the RE texture component regardless of the applied temperature. 
The applied temperature does not significantly alter the texture development, but its velocity. 
While a gradual continuous shift of the maximum intensity is observed at 475 °C, the RE 
texture component is predominant after 320 s at higher temperatures (Fig 5.5). As has been 
shown in Fig 5.6 the swiftness of texture evolution at T ≥ 500 °C is coupled to pronounced 
GC.  
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Assuming that the observed grain growth is attributed solely to reduction of grain boundary 
area the driving force can be estimated using 𝑝𝑝 = 2𝛾𝛾/𝑟𝑟 with 𝛾𝛾 being the interfacial energy 
and 𝑟𝑟 the radius [Got07]. Hence, the FG extrusion B provides a large driving force for GC. 
However, precipitates as well as solutes hinder grain boundary migration and therefore, high 
temperatures are required to enable rapid GC. All applied temperatures caused selective 
GC, where grains belonging to the RE texture component grow faster than grains of other 
orientations. Nevertheless, the annealing temperature is of great importance as it affects the 
homogeneity of the microstructure. As has been reported in [Brö11] 475 °C heat treatments 
result in pronounced AGG (Fig 5.6, Fig 5.7, Fig 5.8, Fig 5.11), where a limited number of 
grains grows substantially faster than the majority of the grains. Thereby, bimodal micro-
structures featuring very large grains within a matrix of significantly smaller grains are gener-
ated.  

Fig 5.10 shows that the AGG is not related to the initial dg. It was observed that some pre-
existing large grains are growing faster than the surrounding grains, while others appear to 
shrink. This result might be expected based on previous studies and theoretical consider-
ations. In [Hum95] it is derived that in an ideal grain assembly, large grains will always grow 
slower than small grains and hence, AGG is not expected. However, AGG can occur if ab-
normally growing grains feature some advantage (e.g. texture, precipitates, etc.) other than 
size over its neighbors [Hum95]. Based on the observed texture evolution a growth ad-
vantage of the RE texture component appears probable. However, a detailed examination of 
the orientation of abnormally grown grains using ex-situ and pseudo-in-situ EBSD revealed 
that grains of a variety of orientations have grown abnormally. This finding is illustrated ex-
emplary in Fig 6.5. Furthermore, texture related AGG is commonly coupled to strong single 
component textures, as the (few) grains of other texture components introduce boundaries of 
higher energy and mobility in this case [Hum95]. This condition is not fulfilled in case of the 
investigated ME21 extrusions featuring relatively weak texture, which contain multiple texture 
components. 

 
Fig 6.5: Comparison of the IPFs of all grains and AGG grains (10 h 475 °C). 

In addition to texture, the presence of precipitates has been correlated to AGG. As has been 
discussed in the above section precipitates can generate a Zener drag decelerating or limit-
ing GC. According to [Raa14] the Zener force is proportional to the grain boundary energy, 
where low energy grain boundaries are less affected by precipitates and therefore, are more 
likely to grow abnormally. However, no correlation between intergranular misorientations and 
AGG was observed and hence, AGG is not caused by a higher mobility of special grain 
boundaries. This finding is also supported by the homogeneous distribution of the Mg12Ce 
and the Mn precipitates within the grains. If grain boundaries are pinned by precipitates an 
increased precipitate density would be expected at the grain boundaries, however using opti-
cal microscopy and TEM no enrichment was observed. In addition, dissolution of precipi-
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tates, which has also been correlated to AGG [Hum95], is very limited (Fig 5.12, Fig 5.13). 
These results indicate that AGG is not caused by precipitates. However, in [Raa14] it is 
suggested that AGG requires very slow normal GC, which is observed at 475 °C and might 
be related to the observed precipitates.  

The analysis of the quasi-in-situ EBSD experiments (Fig 5.10) revealed AGG of grains, which 
feature a size advantage in concurrence with high intragranular misorientations and ac-
cordingly, substructured grains. Such substructured grains feature a higher defect density 
and therefore, the driving force for recovery and GC as well as the GC kinetics are increased 
during the post-extrusion heat treatments. The comparison of Fig 5.10 c) - f) shows that AGG 
occurs within grain 3, which is bigger than the neighboring grains and features exceptional 
high intragranular misorientations. In contrast grain 1 and 2, which are larger than the sur-
rounding grains and display low intragranular misorientations shrink (grain 1) or grow contin-
uously (grain 2) during annealing. However, the conducted EBSD analysis (Fig 5.6, Fig 5.7, 
Fig 5.8) revealed that AGG can be omitted increasing the annealing temperature. An increas-
ing annealing temperature tends to enhance the grain boundary mobility accelerating normal 
(continuous grain growth). Consequently, CGG intensifies replacing AGG, which requires 
very slow CGG [Raa14]. 

Here, it is important to emphasize that selective GC occurs regardless of the applied an-
nealing temperature and promotes the RE texture component as is evident from EBSD, TOF 
investigations and previous studies (e.g. [Hup10a, Brö11]), although it is decoupled from 
AGG. This finding is consistent with a reinforced RE texture component in ME21 extrusion 
featuring a high average dg (Fig 5.3, Fig 5.4, Table 5.2 and section 6.2.1). 

In addition, to the above discussed texture changes, high temperature heat treatments affect 
both precipitate fractions (Mg12Ce and Mn). Fig 5.12 displays the impact of 1 h 550 °C and 
24 h 475 °C annealings on the Mg12Ce using SEM. The heat treatments cause a reduction of 
the precipitate density and a slight increase of the precipitate size. Similar effects were ob-
served in case of the Mn precipitates using TEM (Fig 5.13), where the precipitate size dis-
tribution is shifted to higher equivalent diameter by the heat treatments. These findings indi-
cate that Ostwald ripening, which denominates the dissolution of small precipitates in favor of 
the coarsening of large precipitates reducing the cumulative interfacial energy [Got07], takes 
place at the applied annealing temperatures.  

6.3.2 WE54 
Based on its ability to form different precipitates during heat treatments the WE54 alloy was 
age-hardened at 250 °C and annealed at 400 °C to investigate precipitation effects on the 
deformation behavior of the alloy. As has been shown in Fig 5.30 and Fig 5.33 the conducted 
heat treatments did not cause any major GC or texture changes indicating an almost stable 
grain structure ≤ 400 °C. However, the applied heat treatments caused the formation of pre-
cipitates, which were investigated using SEM (Fig 5.31) and TEM (Fig 5.32). 

As might be expected from previous investigations ([Nie99, Nie00, Ant03, Gao12]) 250 °C 
age-hardening results in the formation of globular precipitates and �101�0�α plates. Using HR-
TEM, FFT (cf. [Wag14]) and the orientation relations given in [Nie00] the globular precipitates 
were identified as β’ phase, while the �101�0�α plates correspond either to β1 or β. These 
precipitates occurred simultaneously in 16 h age-hardened materials, while the 500 h age-
hardened material contained only β plates, which are significantly larger than in the 16 h age-
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hardened material (Fig 5.32). This shows a transition of the metastable phases as well as 
Ostwald ripening after long dwell times being consistent with [Nie99, Nie00, Ant03].  

In contrast to the 250 °C age-hardening the 400 °C annealing generated precipitates pre-
dominantly at grain boundaries, where a negligible amount of precipitates was found in the 
grain interior (Fig 5.31 d)). The precipitates contain Y and Nd, whose concentration is there-
by reduced within the grains (Fig 6.6). Line scans of a (1 h 400 °C) sample confirmed de-
creasing Nd (from 1.8 wt% to 0.8 wt%) and Y (from 5.3 wt% to 5.0 wt%) average solute 
concentrations within the grain interiors due to precipitation at grain boundaries. Point meas-
urements using EPMA revealed that the concentrations of Y and Nd within the grain bound-
ary precipitates are almost the same, where the Y (2.8 - 3.2 at%) concentration is slight, but 
consistently higher than the Nd (2.2 – 2.6 at%) concentration. Here it should be noted, that 
the interaction volume between the beam and the sample is larger than the precipitates and 
therefore, the Mg matrix cannot be completely excluded.  

 
Fig 6.6: EPMA line scans illustrating the Y and Nd concentration within the vicinity of a grain boundary in 

as-extruded and 1 h 400 °C annealed condition. GB labels grain boundaries. 

The different locations and precipitate densities suggest an important temperature effect on 
precipitation. At low temperatures the supersaturation of Mg matrix is very high, as the 
solubility decreases. In addition, diffusion processes are very limited and hence, many stable 
nuclei form readily causing a uniform precipitate distribution within the grains. However, at 
higher temperatures the supersaturation is reduced lowering the driving force for precipita-
tion. Here, homogeneous precipitation requires large nuclei. However, grain boundaries pro-
vide sites for heterogeneous nucleation, which occurs readily in comparison to homogeneous 
nucleation. In addition, the higher temperature enhances diffusion enabling solute migration 
towards the grain boundaries. This explanation is supported by two step ageing experiments, 
where age-hardening was conducted subsequent to an 1 h 400 °C annealing (Fig 6.7, 
[Wag14]). 

 
Fig 6.7: SEM images displaying the effect of two step ageing: a) 1 h 400 °C + 16 h 250 °C, b) 1 h 400 °C + 

500 h 250 °C [Wag14]. 

96 



Discussion 

From Fig 6.7 it is evident that age-hardening is not effective, if preexisting grain boundary 
precipitates are available. Here, (homogeneous) nucleation is omitted and the reduced solu-
bility is compensated by growth of grain boundary precipitates. 

It should be noted that the grain boundary precipitates generated through 400 °C annealings 
are not expected to be effective obstacles for dislocations. However, their presence reduces 
the solute concentration within the Mg matrix and enabling the investigation of solute effects 
on the deformation behavior, while the dg and the texture are almost equivalent to the as-
extruded and 250 °C age-hardened conditions. 

6.4 Deformation behavior 
As has been discussed in the previous section the microstructure, texture, solute and precip-
itate contents can be modified through variations of the extrusion parameters and post extru-
sion heat treatments. Within this section the effects of these changes on the deformation 
behavior and the mechanical properties are discussed. In addition, the different compositions 
of the selected alloys enable the analysis of alloying effects.  

6.4.1 ME21 

6.4.1.1 Grain size effects 
Using the above defined extrusion parameter sets the dg of the ME21 extrusions was varied 
within the range from 5 µm to 20 µm. Using these samples the dg dependence of the CYS 
and TYS was evaluated according to the HP relation (Eq. 2.2). The corresponding HP plots 
and parameters are displayed in Fig 6.8 and Table 6.1. The fit of the experimental CYS, 
where the initial deformation is dominated by the activation of TTW-ing, confirms previous 
investigations (e.g. [Bar04, Bar08b, Tsa13]) showing the validity of the HP relation for TTW-
ing. In agreement with prior studies [Bar04, Boh07b, Bar08b, Pek13, Ill14], 𝑘𝑘 is higher in 
compression than in tension indicating that TTW-ing is more sensitive to grain refinement 
than crystallographic slip.  

 
Fig 6.8: Hall-Petch plots considering CYS and TYS of the extrusions.  

Table 6.1: Macroscopic Hall-Petch parameters. 

ME21 𝒌𝒌, 
MPa µm0.5 

𝝈𝝈𝟎𝟎, 
MPa 

CYS -291 -18 
TYS 270 52 

 

The HP relation reflects in the applied hardening parameters (Table 5.4), which were used to 
model the as-extruded and heat treated materials. Here, the FG as-extruded material fea-
tures substantially higher 𝜏𝜏0 for both TTW-ing and crystallographic slip than the CG heat 
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treated samples. In addition, 𝜏𝜏0 for TTW-ing is below 𝜏𝜏0 for <a> prismatic slip only in the CG 
550 °C heat treated sample, which features the largest dg being consistent with Fig 6.8. Apart 
from this finding it appears that grain refinement does not significantly promote or harden 
specific deformation modes in this alloy (Table 5.4). However, the initial hardening rate 𝛩𝛩0 is 
increased within both heat treated samples. This result indicates an increased work harden-
ing of slip modes with increasing dg being consistent with prior investigation by Guo et al. 
[Guo11] and del Valle et al. [Val06] showing a decreased work hardening rate in AZ31 alloys, 
if dg is decreased.  

Additionally, the dg and the homogeneity of the microstructure appear to affect the elongation 
to failure of the samples. From Fig 5.16 c) it is evident that a heterogeneous microstructure 
reduces the elongation to failure. The 24 h 475 °C heat treated sample has undergone AGG 
and hence, displays very large grains, which are surrounded by substantially smaller grains. 
Based on the HP relation the abnormally grown grains are expected to yield at lower strains 
than the surrounding FG matrix. Therefore, stress concentration and strain incompatibilities 
are likely causing fracture at lower strains. Apart from this peculiarity dg does not affect the 
tensile elongation to failure importantly; within the experimental scattering no correlation with 
dg was observed. The comparison of the compression flow curves of FG and CG extrusions 
and heat treated samples displays no unambiguous trend (Fig 5.15, Fig 5.16, Fig 6.9). FG 
and CG extrusion feature comparatively low elongations to failure, while the 1 h 550 °C (dg = 
15 µm) and the 24 h 550 °C (dg = 17 µm) annealed samples exhibit a very high ductility. 
These results indicate that an optimum dg exists contributing to a high elongation to failure. 
However, other parameters such as precipitate size and distribution as well as texture 
superimpose the effect of dg, which will be discussed in the following sections. 

 
Fig 6.9: Compression flow curves of extruded and heat treated samples. The dg of the samples is 

provided through labels within the figure. 

6.4.1.2 Twinning 
The activity of twinning was investigated via examination of the flow curves (Fig 5.15, Fig 
5.16), EBSD (Fig 5.17, Fig 5.18), optical micrographs (Fig 5.19) and XRD texture analysis 
(Fig 5.20). Due to the initial extrusion (Fig 5.4) and annealing textures (Fig 5.5, Fig 5.9, Fig 
5.14) TTW-ing is negligible in case of tension tests, while it is dominant during the initial 
deformation of compression samples. This finding is supported by the pronounced sigmoidal 
shape of the compression flow curves being characteristic for a high TTW-ing activity. In 
most Mg alloys TTW-ing is readily activated and overtakes parent grains readily causing low 
work-hardening during the initial deformation (e.g. [Kel58, Bar07a, Lou09, Kha11, Kur14, 
Len14a, Len15a]). This finding is supported by the conducted EBSD and texture analysis, 
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which showed a pronounced activation of TTW-ing at strain < -10 %. TTW-ing occurred in 
the vast majority of the grains and overtook the parent microstructure. In agreement with 
[Bey10], those grains, which did not display TTWs are favorably orientated for <a> basal slip 
and feature a low SF for TTW-ing (cf. Fig 2.12, Fig 5.17). As <a> basal slip is the softest 
deformation mode in Mg alloys and the low SF of TTW-ing impedes its activation, the 
deformation is slip controlled in such grains. This finding is further supported by the texture 
evolution (Fig 5.17, Fig 5.20). TTW-ing is characterized through a sudden reorientation of 
86.3° about a <12�10>-axis. However, the RE texture component tends to rotate gradually to-
wards the <0002> pole. A gradual rotation cannot be attributed to the activation of a twin 
mode, but to the rotation of grains through the activation of slip modes. In uniaxial compres-
sion of single crystals the slip plane normal is rotated towards the load direction [Got07, 
Abb09] and therefore, the gradual rotation of RE texture component towards the <0002> pole 
can be attributed to the activation of basal slip.  

However, as the parent grains are overtaken an increasing portion of the grains becomes 
aligned with their c-axis parallel to the load direction requiring the activation of the hard 
<c+a> pyramidal slip mode and causing a pronounced geometric hardening. Here, it should 
be noted that TTW boundaries sub-divide the parent grains, which potentially could introduce 
an additional HP effect. However, several investigations [Kne10, Opp12, Cap09a] suggest 
that TTW boundaries are ineffective barriers for dislocations in Mg. In addition, CTW-ing 
might be expected during c-axis compression at strains > -10 %. However, using EBSD no 
evidence of an important activation of CTW-ing or DTW-ing was observed and hence, it 
appears that a high CRSS of CTW-ing impedes its activation; a finding, which is also sup-
ported by the conducted tension tests. The tensile flow curves do not provide evidence of 
any twinning activity. Here, the majority of the grains feature a low SF for TTW-ing and there-
fore, deform by crystallographic slip. Although tensile deformation would favor CTW-ing, no 
evidence of CTWs was found. This finding is most likely related to a high CRSS of CTW-ing 
in the ME21 alloy, which has been reported previously for other Mg alloys (e.g. [Bar08a]), in-
hibiting its activation. 

In summary, it was found that TTW-ing occurs readily and overtakes the parent microstruc-
ture in the ME21 alloy, if the combination of the texture and the external load enable its acti-
vation, while CTW-ing is absent regardless of the strain path. This observation highlights the 
importance of texture effects on the deformation behavior, which will be discussed in the fol-
lowing section. 

6.4.1.3 Texture effects 
Through the application of different extrusion parameter sets and heat treatments a variety of 
textures was produced (Fig 5.4, Fig 5.5, Fig 5.9, Fig 5.14), which influence the deformation 
behavior in terms of active deformation modes, flow stress and elongation to failure. Fig 5.15 
and Fig 5.16 show the highest yield strength in samples, which feature strong <101�0> and 
weak RE texture components. This finding can be explained through SF analysis. Grains, 
which correspond to the RE texture component exhibit a high SF for <a> basal slip, the soft-
est deformation mode, and consequently exhibit lower flow stress. In contrast, grains, which 
correspond to <101�0> or <101�0>/<112�0> texture component feature a high SF for <a> pris-
matic slip, <c+a> pyramidal slip and (in compression) TTW-ing and SF close to zero for <a> 
basal slip (cf. Fig 2.12 b)). Consequently, such grains exhibit higher flow stresses. Here, it 
should be noted that such samples also feature large dg reducing the yield strength as well. 
These superimposing effects complicate an unambiguous correlation between the flow stress 
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and the texture. In order to investigate the texture effect separately, EPSC simulations were 
conducted using the hardening parameters of the as-extruded condition (Table 5.4) and 
different initial textures. Fig 5.25 displays the texture effect on compression and tension flow 
curves as well as TTW volume fractions using the experimental textures given in Fig 5.14.  

From Fig 5.22 it is evident that <a> basal and <a> prismatic slip dominate the deformation 
during tensile tests. Their relative activities depend on the initial texture, where an enhanced 
RE texture promotes the activation of <a> basal slip, as a higher percentage of grains fea-
tures a high SF in this case. Consequently, the TYS depends on the initial texture, where the 
predicted difference of the TYS is ≈ 30 MPa. However, during the subsequent deformation 
the grains rotate towards the <101�0> texture component (Fig 5.20, Fig 5.23) lowering the SF 
for <a> basal slip and increasing the SF for <a> prismatic slip. Consequently, <a> prismatic 
slip prevails at strains > 5 % regardless of the initial texture. The rotation towards the <101�0> 
texture component is caused by the activation of multiple <a> slip systems. In uniaxial ten-
sion the slip plane and the slip direction of an active slip mode will rotate towards the load 
direction [Abb09, Got07]. Based on the conducted EPSC simulations it can be inferred that 
<a> prismatic and <a> basal slip are dominant during tensile deformation. Consequently, an 
enhancement of the <112�0> texture component would be expected, if only one <a> basal 
slip system or one <a> prismatic slip system would be activated. However, according to the 
Taylor criteria five independent slip systems are required to enable the deformation of poly-
crystals and the cumulative activation of multiple slip systems generates the rotation towards 
the <101�0> texture component [Len14c].  

During compression tests the deformation behavior is more complex due to the activation of 
TTW-ing. Initially, the deformation is realized by <a> basal slip, TTW-ing and <a> prismatic 
slip, where an enhanced RE texture component promotes <a> basal slip, while an enhanced 
<101�0>/<112�0> texture components promote the activation of TTW-ing and <a> prismatic 
slip. The initial texture does not alter the CYS significantly (Fig 5.24), however, it does control 
the TTW volume fraction, which varies between ≈ 40 % and ≈ 70 % in case of the as-ex-
truded and heat treated samples (Fig 5.24). As TTW-ing proceeds and overtakes the parent 
microstructure its activity decreases gradually, while <c+a> pyramidal slip is rendered more 
active. According to the simulation the TTWs deform predominantly by <a> basal slip and 
<c+a> pyramidal slip. This result is caused by the low CRSS of <a> basal slip, which enables 
its activation, although, its SF is close to zero.  

In case of the 1 h 550 °C sample, the lowest TTW volume fraction and in turn the highest 
<a> basal slip activity was observed, which is attributed to the enhancement of the RE tex-
ture component. As has been mentioned above, Fig 5.20 and Fig 5.23 reveal a gradual rota-
tion of the RE texture component due to <a> basal slip, while grains corresponding to the 
<101�0>/<112�0> texture components twin readily. Consequently, <c+a> pyramidal slip (pre-
dominantly TTWs) and of <a> basal slip (RE texture component) occur simultaneously. At 
strains below -20 % the activity of <c+a> pyramidal slip increases causing an increasing flow 
stress, however, <c+a> pyramidal slip rotates grains towards its slip plane normal (towards 
the <112�2> texture component) increasing the SF for <a> basal slip, which in turn rotates 
grains towards the <0002> texture component. Therefore, both slip modes balance each 
other. As hardening is exhausted, which is evident from the εhkl evolution (Fig 5.21), the flow 
stress decreases. This balance is likely to contribute to the high elongation to failure of the 
sample. However, the lower elongation to failure of the 5 min 550 °C sample (Fig 5.16), 
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which features a very similar texture, indicates that both an optimal texture and an optimal 
microstructure are required to achieve high elongations to failure [Len13].  

In order to elaborate the discussion of texture effects further, additional simulations (Fig 6.10) 
were conducted using simulated textures, which were selected to maximize the effect of <a> 
basal slip (<112�2>), <c+a> pyramidal slip (<0002>) and a combination of TTW-ing and <a> 
prismatic slip (<101�0>). Fig 6.10 reveals a difference of ≈ 50 MPa of the CYS comparing the 
<0002> and the <112�2> texture. In agreement with the above discussion, the <112�2> tex-
ture, which favors <a> basal slip, features the lowest CYS and no significant work hardening. 
As the basal slip system rotates grains towards the <0002> pole some hardening was pre-
dicted at very high strains, which is correlated to the activation of <c+a> pyramidal slip. In 
contrast the <0002> texture requires a high relative activity of <c+a> pyramidal slip as the 
other deformation modes are largely suppressed based on their low SF and therefore, exhib-
its the highest CYS. Here, it should be noted that CTW-ing is not considered during the simu-
lations. Due to high initial hardening rate 𝛩𝛩0, the simulation predicts a strong increase of the 
flow stress. In agreement with the above description of the 1 h 550 °C sample a peak stress 
occurs, which is followed by texture (geometric) softening. Here, the hardening of the slip 
modes is exhausted and <a> basal and <c+a> pyramidal slip balance each other. The ran-
dom texture displays a weakly pronounced sigmoidal shape, which is related to a higher final 
TTW volume fraction of ≈ 35 %. As the <101�0> texture exhibits a high SF for TTW-ing its 
activation is enhanced (TTW volume fraction of ≈ 87 %) causing a pronounced sigmoidal 
shape of the flow curve based on the above described geometric hardening and subsequent 
texture controlled work softening. 

 
Fig 6.10: EPSC simulations of texture effects on the compression flow curve and TTW volume fraction. 

The hardening parameters of the as-extruded condition were applied (Table 5.4). IPFs illustrate the model 
fiber textures. 

As has been shown above, neither dg effects nor texture effects can separately generate the 
observed extraordinary elongations to failure observed in the 1 h and 24 h 550 °C sample. 
Therefore, the discussion will be extended to precipitates in the following section. 

6.4.1.4 Precipitate effects 
The size distributions and the precipitate densities were investigated using SEM (coarse 
fraction; mainly Mg12Ce; Fig 5.12) and TEM (fine fraction; Mn; Fig 5.13). Fig 6.11 combines 
these results with additional measurements and displays the evolution of the mean equiva-
lent diameter, which were determined from log-normal distribution fits of the experimentally 
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determined histograms, as a function of applied extrusion and heat treatment parameters. 
The error margins correspond to the standard deviation of the log-normal distribution. While 
different TB do not alter the size of coarse Mg12Ce within the margin of error, the annealings 
cause an increase of 35 % to 45 % of the equivalent diameter. A high TB of 550 °C appears 
to increase the equivalent diameter of the Mn precipitates, importantly. The mean equivalent 
diameter increases from 33 nm to 200 nm and the precipitate density drops significantly (not 
shown; [Len14c]), if TB is increased from 450 °C to 550 °C. Surprisingly, this increase is 
much more pronounced than Mn precipitate growth during 24 h 475 °C and 1 h 550 °C heat 
treatments. Here, it should be noted that the increased Mn precipitate size might be related 
to differences between the cast billets. Although, its origin is not entirely clear the different 
size enables additional insights into precipitate effects on the deformation behavior.  

 
Fig 6.11: Effect of TB and annealings on the mean equivalent diameter of precipitates: a) coarse Mg12Ce, 

b) fine Mn (error margins are smaller than symbols). 

According to Nie [Nie03] the Orowan strengthening for a triangular array of spherical precip-
itates featuring a uniform diameter 𝑑𝑑𝑡𝑡 can be calculated via: 

∆𝜏𝜏 =  
𝐺𝐺𝑏𝑏

2𝜋𝜋√1 − 𝑚𝑚 �0.779
�𝑓𝑓

− 0.785�𝑑𝑑𝑡𝑡
ln �

0.785𝑑𝑑𝑡𝑡
𝑏𝑏

� 
(6.1) 

 
with 𝐺𝐺, 𝑏𝑏, 𝑚𝑚 and 𝑓𝑓 being the shear modulus of the Mg matrix, the Burgers vector, the 
Poisson’s ratio and the volume fraction of precipitates. Using Eq. 6.1 the strength increment 
∆𝜏𝜏 was calculated for <a> basal slip and various precipitate volume fractions. Fig 6.12 dis-
plays ∆𝜏𝜏 as a function of the precipitate diameter, where black symbols correspond to the 
experimentally determined mean precipitate sizes. From Fig 6.12 a) it is evident that the 
coarse Mg12Ce do not contribute to the strength of the extrusion.  

 
Fig 6.12: a) Orowan strengthening (symbols indicate measured precipitate sizes and area fractions), b) HP 

plot corrected using Δ𝝉𝝉Orowan. 
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In addition, the area fraction of the precipitates (red symbols), which were determined using 
TEM, are plotted to estimate the precipitate volume fraction of the extruded bars. As the 
thickness of the TEM foil was not determined, these area fractions provide only a rough ap-
proximation of the true volume fraction and should be considered to be the upper boundary 
of the volume fractions. Nevertheless, Fig 6.12 a) shows that precipitation hardening is negli-
gible in extrusion F (𝑑𝑑𝑡𝑡 ≈ 200 nm), while significant hardening is expected in extrusion B (𝑑𝑑𝑡𝑡 ≈ 
33 nm). Thereby, it was shown that the above derived HP relation is superimposed by preci-
pitation hardening.  

In order to separate both parameters a “corrected” HP plot was generated, using the deter-
mined area fractions and the calculated ∆𝜏𝜏 curves and subtracting the resulting ∆𝜏𝜏 from the 
experimental yield strengths (Fig 6.12 b)). Interestingly, the corrected HP plots reveal slopes 
(𝑘𝑘), which are very similar to those of the L4 and LA41 extrusion (cf. section 6.4.2.1, Fig 
6.16). This shows a similar dg dependence of the yield strength of the three alloys. 

Table 6.2: Precipitate corrected Hall-Petch parameters. 

ME21 𝒌𝒌, 
MPa µm0.5 

𝝈𝝈𝟎𝟎, 
MPa 

CYS -203 -31 
TYS 191 46 

 
The high elongations to failure of the long term high temperature heat treated samples could 
not be explained solely by dg and texture effects (cf. section 5.1.3.2 and Fig 6.9). However, 
the long term heat treatments generate changes of the precipitate size, density and distribu-
tion indicating that extraordinary high elongations to failure require the concurrence of an 
ideal texture, dg and precipitate distributions.  

6.4.1.5 Deformation mode activity and hardening parameters 
The conducted experiments and simulations provide insight to the active deformation modes. 
In case of the ME21 alloy, the compressive deformation is initially realized by TTW-ing, <a> 
prismatic and <a> basal slip, while the tensile deformation is almost exclusively realized 
through <a> prismatic slip and <a> basal slip (cf. Fig 5.21, Fig 5.22). The obtained hardening 
parameters of the as-extruded conditions are very similar to those used to model AZ31 (cf. 
Table 2.3 and Table 5.4) suggesting no particular promotion of one slip mode, while <a> 
basal slip appears to be softened in the heat treated samples. Consequently, <a> basal slip 
appears to be dominant during the initial deformation, even though a previous study [Chi08] 
suggested an enhanced activity of <a> prismatic slip. The finding of <a> basal slip pre-
dominance is consistent with the texture evolution shown in Fig 5.17, where the RE texture 
component rotates gradually towards the <0002> pole. This rotation is attributed to the 
activation of <a> basal slip. In addition, Lynch et al. [Lyn12] provide evidence of a predomi-
nance of <a> basal slip in an Mg 0.2 wt% Ce alloy using in-situ synchrotron micro XRD. 
While a predominance of <a> basal slip might be little surprising, it was found that the very 
high elongations to failure of heat treated samples involved an important <c+a> pyramidal 
slip activity, although the CRSS of this deformation mode is comparatively high. The ob-
served high <c+a> pyramidal slip activity is most likely attributed to the addition of Ce. DFT 
simulations by Moitra et al. [Moi14] suggest a promotion of <c+a> pyramidal slip through al-
loying with Ce. As the 550 °C heat treatment results in an increased solubility and water 
quenching was applied after removing the samples from the furnace, an increased Ce solute 
content might contribute to an enhanced <c+a> pyramidal slip activity and to the remarkable 
ductility of the alloy. This would be consistent with the lower ratio of CRSSpyr / CRSSprism in 
case of the 550 °C heat treated material in comparison to the 475 °C annealed material. 
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However, the promoting effect of Ce appears to be too small to enable the activation of 
<c+a> pyramidal slip in tension test, where the predicted activity of <c+a> pyramidal slip is 
negligible.  

The experimental investigation of TTW-ing showed a high activity of this twin mode. This 
finding might be surprising as first principle simulations of Muzyk et al. [Muz12] and Shang et 
al. [Sha14] suggest a decreasing twinnability through Mn additions. However, in the present 
ME21 alloy Mn is predominantly contained in fine dispersed Mn precipitates and hence the 
solute concentrations are low, which in turn reduces its impact on the SFEs. Therefore, the 
alloy exhibits a rather conventional TTW-ing behavior.  

6.4.2 WE54 

6.4.2.1 Grain size effects 
Through the application of various extrusion parameter combinations the dg of the WE54 
extrusions was varied within the range from 7 µm to 23 µm enabling the evaluation of the HP 
parameters (Eq. 2.2). This data set was extended using the CYS and TYS of 550 °C an-
nealed samples featuring substantially larger dg in the range of 80 µm to 230 µm [Wag14]. 
The determined HP plots and parameters are displayed in Fig 6.13 and Table 6.3: 

 
Fig 6.13: Hall-Petch plots considering CYS and TYS of the extrusions. Additional data from annealed 

samples was taken from [Wag14]. 

Table 6.3: Macroscopic Hall-Petch parameters. 

WE54 𝒌𝒌, 
MPa µm0.5 

𝝈𝝈𝟎𝟎, 
MPa 

CYS -140 -120 
TYS 166 120 

 
In comparison to the ME21 extrusion, the WE54 extrusions feature a weaker dg dependence 
of the yield strengths (cf. Table 6.1, Table 6.2, Table 6.3), while σ0 is significantly higher indi-
cating a higher intrinsic strength of the highly alloyed WE54 extrusions. Here, it should be 
noted that the available spread of dg is much higher in case of the WE54 alloy. Furthermore, 
the as-extruded materials contained negligible amounts of coarse (> 1 µm) precipitates 
avoiding a superimposition of dg and precipitation hardening. In addition, the texture of the 
materials is close to random and the activation of TTW-ing is significantly hindered as has 
been shown in section 5.2.4.2 (Fig 5.36, Fig 5.37) and will be discussed in section 6.4.2.2. 
Consequently, the HP parameters are almost equivalent in tension and compression. Here, 
the weak extrusion textures impede any correlation between the grain refinement and twin-
ning activity. The higher intrinsic strength of the alloy, which is generated through the high 
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alloying element concentrations, is captured through the higher 𝜎𝜎0 compared to the other 
investigated alloys.  

6.4.2.2 Twinning 
In contrast to the ME21 alloy and most commercial Mg alloys, where TTW-ing occurs readily 
and overtakes the initial microstructure considering an appropriate strain path (e.g. [Kel58, 
Bar07a, Lou09, Kha11, Kur14, Len14a, Len15a]), the WE54 features an uncommonly low 
TTW-ing activity, where both twin nucleation and twin growth are hindered (cf. Fig 5.17, Fig 
5.18 (ME21) and Fig 5.36, Fig 5.37 (WE54)). In the as-extruded condition, where the alloying 
elements are contained in solid solution, the majority of the TTW containing grains are not 
completely overtaken even at high strains (-18 %).  

Interestingly, the TTW-ing activity increases in the age-hardened and the 400 °C annealed 
samples as has been shown through EBSD analysis (Fig 5.38, Fig 5.39) and EPSC simula-
tions (Fig 5.41, Fig 5.45). These heat treatments result in the generation of considerable 
amounts of precipitates lowering the solute concentrations at the same time. Therefore, the 
enhanced TTW-ing activity could be introduced through the reduced solute content or pre-
cipitates being obstacles for dislocation movement and hence crystallographic slip. In case of 
the age-hardened samples both mechanisms superimpose as the 250 °C heat treatments 
result in the generation of prismatic plate-shaped precipitates within the grains. According to 
Agnew et al. [Agn13] these precipitates hinder <a> basal slip in particular, while the CRSS of 
TTW-ing appears to decrease. In contrast Robson [Rob14] proposed that prismatic plates 
harden <a> basal, <a> prismatic slip and TTW-ing to a similar extent (cf. Fig 2.9). However, 
large precipitates form at grain boundaries in case of the 400 °C annealing. Being poor 
obstacles for dislocation movement these precipitates are not expected to harden crystallo-
graphic slip importantly, while they reduce the solute concentration of both Y and Nd (Fig 
6.6). Therefore, the reduced TTW-ing activity appears to be generated predominantly, 
through the reduced solute concentrations being consistent with [Agn13]. This interpretation 
is also supported by a very recent study by Stanford et al. [Sta15] showing that high Y solute 
concentrations result in a reduced �101�2� TTW-ing activity and the appearance of �112�1� 
twins. They proposed that the large Y atoms (rY = 0.181 nm; rMg = 0.160 nm [Sha05]) hinder 
the atomic shuffling processes accompanying the TTW-ing shear. Like Y, Nd features a sim-
ilarly large atomic radius (0.182 nm [Sha05]) and hence, is likely to hinder TTW-ing analo-
gous.  

These results are also in good agreement with the very high 𝜏𝜏0 of TTW-ing in the as-extruded 
conditions and the significantly reduced 𝜏𝜏0 in the 500 h 250 °C and 24 h 400 °C samples 
(Table 5.9) providing strong experimental and modeling evidence of pronounced solute hard-
ening of TTW-ing. 

6.4.2.3 Texture effects 
In contrast to the ME21 alloy, the WE54 extrusions feature very weak textures regardless of 
the extrusion parameters and the post extrusion heat treatments impeding the experimental 
analysis of texture effects on the deformation behavior. However, using in-situ EDXRSD, 
EBSD and EPSC simulations the hardening parameters for slip (Table 5.8) and TTW-ing 
(Table 5.9) were determined enabling the simulation of the flow curves using the above de-
scribed simulated textures (cf. section 6.4.1.3). Fig 6.14 displays the simulation results 
employing the hardening parameters of the as-extruded and the 500 h 250 °C condition. The 
analysis reveals that the weak anisotropy is indeed attributed to the close to random textures 
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of the investigated materials, where pronounced textures such as the simulated <0002>, 
<112�2> and <101�0> textures cause a pronounced anisotropy.  

 
Fig 6.14: EPSC simulations of texture effects on the compression flow curve and TTW volume fraction 
using the hardening parameters of the as-extruded and 500 h 250 °C conditions (Table 5.8, Table 5.9). 

IPFs illustrate the model fiber textures. 

In agreement with the above described experimental results TTW-ing is hindered and decel-
erated particularly in the as-extruded condition in comparison to the ME21 alloy, which re-
flects in a weak sigmoidal shape and lower TTW volume fractions in case of the WE54 alloy. 
Although, a faster progression of TTW-ing is predicted in the 500 h 250 °C material, the final 
TTW volume fractions are within the same range for the as-extruded conditions. 

Interestingly, a pronounced <101�0> texture features a high TTW volume fraction ≈ 80 %, 
although the hardening parameters reveal a very high 𝜏𝜏0 for TTW-ing. This finding is related 
to a very low SF for <a> basal slip and a very high SF for TTW-ing of the <101�0> texture 
component. Although <a> prismatic slip and <c+a> pyramidal slip feature high SFs, their 
relative activities are too small to prevent TTW-ing. In contrast the <112�2> texture, which 
promotes <a> basal slip, as well as the random texture result in low TTW volume fractions. 
The most pronounced precipitate hardening was predicted in case of the <0002> texture, 
which is attributed to the increased 𝜏𝜏0 of <a> basal slip and the increased 𝑘𝑘1𝑠𝑠 of <c+a> 
pyramidal slip. Both parameters result in higher CRSS of <a> basal an <c+a> pyramidal slip 
being the dominant deformation modes in grains corresponding to the <0002> texture com-
ponent. These predictions reveal that the absence of the sigmoidal shape of the compression 
curve and the very low TTW-ing activity are partially generated through the weak extrusion 
textures. 

6.4.2.4 Precipitate and solute effects 
In case of the WE54 alloy heat treatments enable the generation of plate-shaped precipitates 
on �101�0�α planes, which contribute to the strength of the extrusions via precipitation harden-
ing. According to Nie [Nie03] the Orowan strengthening of such precipitates can be calcu-
lated via: 

∆𝜏𝜏 =
𝐺𝐺𝑏𝑏

2𝜋𝜋√1 − 𝑚𝑚 �0.825�𝑑𝑑𝑡𝑡𝑤𝑤𝑡𝑡𝑓𝑓 − 0.393𝑑𝑑𝑡𝑡 − 0.886𝑤𝑤𝑡𝑡�
ln�

0.886�𝑑𝑑𝑡𝑡𝑤𝑤𝑡𝑡
𝑏𝑏 � (6.2) 
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where 𝑑𝑑𝑡𝑡 and 𝑤𝑤𝑡𝑡 are the uniform diameter and the uniform thickness of the �101�0�α plates. For 
sake of clarity, the following discussion will focus on plate-shaped precipitates, even though 
additional globular precipitates were observed in the 16 h 250 °C. The observed plate 
shaped precipitates displayed an aspect ratio of ≈ 7 : 1 and of 10 : 1 in case of the 16 h and 
the 500 h age-hardened materials and hence the Orowan strengthening was calculated 
based on these aspect ratios and <a> basal slip for a variety of precipitate volume fractions 
(Fig 6.15). Within a rather broad size distribution the mean thickness and width of the plates 
were determined using TEM and are summarized in Table 6.4. The area fraction of the preci-
pitates, which will be used as a rough estimate of the precipitate volume fractions, was deter-
mined to be ≈ 2 % and ≈ 7.5 % in case of the 16 h and the 500 °C age-hardened extrusions. 
Unfortunately, large errors have to be expected in phase fraction determination due to the 
unknown thickness of the TEM specimen. In comparison to [Agn13], where higher second 
phase volume fractions ranging from ≈ 6 % to 12 % were found in cast and subsequently 
aged WE43 material using Rietveld refinements, these area fractions are surprisingly low.  

 
Fig 6.15: Orowan strengthening for prismatic plate-shaped precipitates: a) aspect ratio 7 : 1 (16 h 250 °C), 

b) aspect ratio 10 : 1 (500 h 250 °C). Red lines illustrate the experimentally determined diameter. 

Based on the above determined volume fractions, strength increments of ≈ 35 MPa and 
≈ 50 MPa are predicted. These predictions are somewhat higher than the experimentally 
observed increase of the TYS and CYS during age-hardening (cf. Table 5.7). 

Table 6.4: Precipitate geometry. 
Sample Mean thickness, 

nm 
Standard 

deviation, nm 
Mean width, 

 nm 
Standard 

deviation, nm 
  16 h 250 °C 20 6 145 67 
500 h 250 °C 30 10 300 100 
 
The discrepancy of the experimental and the predicted strength increment can be attributed 
to various factors. First, the reduced solute concentration affects the CYS and the TYS. From 
Table 5.7, Table 5.8 and Table 5.9 it is evident that the macroscopic strength as well as the 
𝜏𝜏0 decrease after a 24 h 400 °C annealing, where the solute concentration is reduced 
through grain boundary precipitates and only minor changes of dg occur. In addition, the HP 
effect is relatively small in this alloy. As the 250 °C annealings result in decreasing alloying 
element solubilities it is expected that the solute concentration is even lower in the age-hard-
ened samples particularly the 500 h 250 °C sample being consistent with an increased TTW-
ing activity in this sample. Second, Eq. 6.2 is derived assuming an ideal arrangement of the 
precipitates at the center of each surface of a triangular volume in the Mg matrix [Nie03]. 
Within the present material this ideal arrangement is not entirely fulfilled. Third, the strength-
ening was calculated with respect to <a> basal slip, however, other deformation modes might 
be less influenced by the precipitates reducing the achieve strength increment. The 
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conducted EPSC simulations and the investigations of Agnew et al. [Agn13] suggest that 
�101�0�α plates are much more effective in hardening <a> basal slip than in hardening other 
slip modes. In addition, the calculation is based on the Orowan mechanism assuming that 
gliding dislocations bypass the precipitates and neglecting cutting of precipitates. In case of β 
plates, which feature a much larger lattice spacing than Mg ([Nie12], Fig 2.16), cutting of 
precipitates certainly can be excluded, however, the β1 plates feature a lattice spacing of 
a = 0.74 nm are expected to be coherent across the �11�00�α habit plane [Nie00]. Here, 
cutting of the precipitates might be viable and the cutting stress could be lower than the 
Orowan stress.  

6.4.2.5 Deformation mode activity and hardening parameters 
In comparison to the ME21 alloy, the WE54 alloy features higher CRSS in as-extruded and 
age-hardened condition, a remarkably low TTW-ing activity. The higher strength in as-ex-
truded conditions is predominantly attributed to solid solution hardening, where the WE54 al-
loy exhibits much higher solubilities than the ME21 alloy and the solute hardening appears to 
be more effective than the precipitates of the ME21 alloy. During age-hardening the solute 
concentration drops in the WE54 alloy, however, the precipitate density is higher and the pre-
cipitate morphology is more effective in hardening <a> basal slip [Nie03] than in the ME21 
alloy resulting in a higher strength.  

More importantly the WE54 alloy features a higher non-basal slip activity particularly in the 
as-extruded condition being consistent with prior VPSC simulations, which revealed an 
increased <c+a> pyramidal slip activity in Mg-Y alloys [Agn01]. These constitutive modeling 
results are further supported through TEM investigations and DFT simulations by Sandlöbes 
et al. [San11, San12, San13] analyzing pure Mg and binary Mg-Y alloys. According to their 
studies the I1 SFE is reduced through Y addition resulting in a high activity of <c+a> dislo-
cations gliding on 1st and 2nd order pyramidal planes, as stacking faults I1 act as a heteroge-
neous nucleation sources for <c+a> pyramidal dislocations [San11, San12, San13, Agn15]. 
In [San14] an even more pronounced reduction of the I1 SFE is predicted for Nd addition 
using first-principle calculations causing a further promotion of <c+a> pyramidal slip. Similar-
ly, Zhang et al. [Zha12] predicted decreasing I1 and I2 SFEs via Nd alloying. A reduced I2 
SFE could lower the cross-slip probability for basal dislocations causing a less mobile basal 
dislocation structure and might result in a higher activity of non-basal slip modes [San12]. 
These experimental and simulation results provide an explanation of the tendency of WE54 
alloy to resist textural changes in comparison to ME21 alloy (cf. Fig 5.17 and Fig 5.36). This 
tendency is caused by the reduced TTW-ing activity and the activation of non-basal slip 
modes, particularly <c+a> pyramidal slip, which generate further grain rotation through crys-
tallographic slip different to the rotation through <a> basal slip.  

Based on the above discussed microstructural and textural changes, the effect of the micro-
structure on the hardening parameters of the WE54 alloy can be discussed (Table 5.8, Table 
5.9): First, Table 5.8 shows an increase of the slip activation stresses 𝜏𝜏𝑓𝑓,𝑓𝑓

𝑠𝑠  in the following 
order for all morphologies and volume fraction of precipitates: <a> basal < <a> prismatic < 
<c+a> pyramidal slip, as might be expected for Mg alloys. As has been observed by Agnew 
et al. [Agn13], the age-hardening has a significant effect on <a> basal slip, which is evident 
from the relative increase of 50 % in 𝜏𝜏𝑓𝑓,𝑓𝑓

𝑠𝑠  of <a> basal slip comparing the as-extruded and the 
500 h age-hardened samples compared to the minor changes in 𝜏𝜏𝑓𝑓,𝑓𝑓

𝑠𝑠  for <a> prismatic and 
<c+a> pyramidal slip. 
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Second, the limited TTW-ing activity in the as-extruded and 16 h age-hardened conditions 
manifests in a remarkably high 𝜏𝜏𝑓𝑓𝑡𝑡  in these samples, where 𝜏𝜏𝑓𝑓𝑡𝑡  is in the range of 𝜏𝜏𝑓𝑓,𝑓𝑓

𝑠𝑠  for <c+a> 
pyramidal slip being considerably higher than that previously reported in WE43 [Agn13], in 
AZ31 [Cla08], where 𝜏𝜏𝑓𝑓𝑡𝑡  is similar to the 𝜏𝜏𝑓𝑓,𝑓𝑓

𝑠𝑠  of <a> prismatic slip. Here, it should be noted 
that 𝜏𝜏𝑓𝑓𝑡𝑡  is much lower in the 500 h age-hardened and the 400 °C annealed samples, where 
the solute concentration has dropped confirming an important hardening of TTW-ing by so-
lutes as has been suggested in [Sta15] (cf. section 6.4.2.2). Third, 𝜏𝜏𝑓𝑓,𝑓𝑓

𝑠𝑠  decreases for all slip 
modes in the 400 °C annealed sample, where the solute concentrations have dropped 
through grain boundary precipitation. The modeling provides further evidence that the reduc-
tion of the solute concentration significantly reduces the impact of solution hardening, while 
the low density of precipitates in the grain interior and their size makes them ineffective ob-
stacles for gliding dislocations. At the same time, 𝑘𝑘1𝑠𝑠 for <c+a> pyramidal slip is higher in the 
400 °C annealed material than in the other material conditions. 𝑘𝑘1𝑠𝑠 is related to the rate of dis-
location storage during deformation and its increase is likely coupled to the decreasing Y and 
Nd solute concentrations. As stated earlier, Sandlöbes et al. [San11, San12, San13] pro-
posed a heterogeneous source mechanism, where intrinsic I1 stacking faults act as a hetero-
geneous source for <c+a> dislocations. Through the reduction of the Y and Nd solute con-
centrations the I1 SFE is expected to increase hindering this source mechanism. 

6.4.3 L4 and LA41 

6.4.2.1 Grain size effects 
As has been shown in section 5.3.2.1 and section 5.4.2.1 neither texture modification nor 
precipitation hardening can be effectively employed in the Li based alloys. Specifically, they 
do not contain a high density of fine scale precipitates and exhibit textures, which only differ 
in sharpness. Since the other strengthening mechanisms are not available grain refinement 
is of particular importance in the L4 and LA41 alloys.  

Using the above defined extrusion parameter sets the dg of the L4 and LA41 extrusions was 
varied within the range from 5 µm to 30 µm and from 5 µm to 21 µm, respectively. Through 
the evaluation of the CYS and TYS as a function of dg

-0.5 (Fig 6.16), the HP parameters were 
evaluated (Table 6.5). Being consistent with the EPSC simulations, where the same HP 
coefficients were used for L4 and LA41 samples (cf. Table 5.19, Table 5.14), the dg depen-
dence of both alloys was fitted using the same 𝑘𝑘 for both alloys. It appears that the CYS is 
slightly more sensitive to grain refinement than the TYS, reflecting a previously reported 
more pronounced HP effect on TTW-ing than on crystallographic slip [Bar04, Boh07b, 
Bar08b, Pek13, Ill14].  

 
Fig 6.16: Hall-Petch plots considering CYS and TYS of the extrusions: a) L4, b) LA41. 
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Table 6.5: Macroscopic Hall-Petch parameters. 

L4 𝒌𝒌, 
MPa µm0.5 

𝝈𝝈𝟎𝟎, 
MPa 

CYS -191 -39 
TYS 186 34 

LA41 𝒌𝒌, 
MPa µm0.5 

𝝈𝝈𝟎𝟎, 
MPa 

CYS -191 -55 
TYS 186 51 

 
In addition, to the strengthening effect of grain refinement, it was shown in Fig 5.59 and Fig 
5.71 that smaller dg result in a reduced activity of TTW-ing, CTW-ing and DTW-ing; an effect, 
which will be discussed in the context of the general twinning behavior in the following sec-
tion. 

6.4.2.2 Twinning 
From the flow curves (Fig 5.51, Fig 5.70) and the SDE (Table 5.12, Table 5.17) as well as 
the conducted EPSC simulations (Table 5.13, Table 5.14, Table 5.18, Table 5.19) it is 
evident that TTW-ing is hindered in the Li based alloys. However, once twin nucleation has 
taken place, its propagation occurs readily in comparison to the WE54 alloy generating high 
TTW volume fractions and overtaking the parent microstructure. As has been shown in the 
sections 5.3.3.2 and 5.4.3.2 the Li based alloys feature the sequential activation of primary 
TTW-ing, secondary CTW-ing and tertiary DTW-ing in uniaxial compression according to Fig 
2.6.  

In Fig 5.52 and Fig 5.53 the sequential activation of the three generations of twins was de-
pict. From Fig 5.53 it is evident that first CTWs and DTWs have formed at -10 % strain mark-
ing the onset of secondary twinning. Interestingly, the relative frequency of CTW boundaries 
changes only very slightly within the strain range from -10 % to -18 %, while the frequency of 
type 1 DTWs increases importantly causing a predominance of DTW boundaries (Fig 5.53 
b) - c), [Len14a]). Here, it should be noted that the DTWs correspond almost exclusively to 
type 1 DTWs, although a limited amount of type 2 DTWs was observed. 

As the generation of DTWs requires the prior generation of CTWs, the observation of a con-
stant frequency of CTW boundaries in concurrence with a remarkable increase of the fre-
quency of type 1 DTW boundaries indicates that CTWs nucleate profusely in this strain inter-
val and are quickly overtaken by DTWs. This swiftness of the CTW-DTW transition is an im-
portant aspect of the nature of DTW-ing. However, it complicates the comprehension of the 
transition. Therefore, in-situ EBSD experiments were conducted (Fig 5.54) visualizing the 
CTW-DTW transition dynamically. These experiments indicate a higher mobility of the tertiary 
TTW boundary compared to the preexisting CTW boundary confirming the suggestions of a 
high lateral growth rate of the internal twin by Cizek et al. [Ciz08] and Barnett et al. [Bar08a]. 
This finding is in good agreement with MD simulations by Serra et al. [Ser91] revealing a 
high mobility �101�2� twinning dislocations, responsible for forming the DTW, and a low mobi-
lity of �101�1� twinning dislocations, responsible for the propagation of the CTW. It is also con-
sistent with the suggested high CRSS of CTW-ing in comparison to the low CRSS of TTW-
ing [Bar08a]. Based on the ex-situ and in-situ EBSD experiments the following sequence of 
events was developed: Within the strain range from -10 % to -18 % CTWs form and grow to 
a thickness of several microns. Once a DTW has nucleated within a secondary CTW, the in-
ternal TTW boundary propagates much faster than the CTW boundary causing a swift CTW-
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DTW transition, where the DTW prevents further growth of the CTW limiting the DTW 
thickness. 

In order to investigate the origin of the type 1 DTW predominance higher resolution tech-
niques are required and consequently, (HR-)TEM was employed. Using conventional TEM 
line patterns consisting in parallel lines perpendicular to the basal plane normal of the pri-
mary TTW, the secondary CTW and the tertiary DTW were observed (Fig 5.55). The align-
ment of the line patterns suggests a correlation to a high basal slip activity. A similar line 
pattern was observed by Li et al. [Li10] within a TTW in commercially pure Mg and attributed 
to basal stacking faults. In [Par67] it is shown that such stacking faults are generated by the 
dissociation of <a> basal dislocations: 

1
3 �

12�10�=
1
3 �

01�10�+
1
3

[11�00] (6.3) 

 

These results indicate that the line pattern is related to a high activity of basal slip and a high 
propensity of basal dislocation dissociation within the three generations of twins. The finding 
of a high basal slip activity within the primary TTW might be surprising due to the low SF of 
<a> basal slip. However, the CRSS of <a> basal slip is much lower than the CRSS of <c+a> 
pyramidal slip (cf. Table 5.13, Table 5.18). Therefore, a notable activity of <a> basal slip can 
occur within the primary TTW, as has been shown via EPSC simulations (e.g. [Cla08],  
Fig 5.21, Fig 5.64, Fig 5.76). Irrespective of this finding the secondary CTW and the tertiary 
DTW feature higher SF for <a> basal slip and hence an even higher propensity of this de-
formation mode.  

Any glissile dislocation, which originates within the three twins, will glide through the respec-
tive twin. Once a dislocation encounters a grain or a twin boundary it will either pile up or dis-
sociate. The dissociation of basal dislocations generates basal stacking faults, which are 
particularly important in DTW variant selection. Barnett et al. [Bar08a] proposed a correlation 
between the predominance of type 1 DTWs and the ease of basal slip in these twins, where 
the interaction of basal dislocations with twin boundaries results in the formation of twin dis-
locations. Beyerlein et al. [Bey12] suggested a model correlating DTW variant selection to a 
sequence of dissociation reactions of dislocations into �101�2� twin dislocations, where type 1 
and type 2 DTWs require the dissociation of basal dislocations, while type 3 and type 4 
DTWs are generated through the dissociation of <c+a> pyramidal dislocations. The observed 
predominance of type 1 DTWs and high activity of basal slip support the idea of a dislocation 
mechanism for �101�1�-�101�2� DTW variant selection. Additional experimental evidence for 
this mechanism was obtained using HR-TEM (Fig 5.56, Fig 5.57, Fig 5.58) allowing the 
examination of the atomic order and disorder within the vicinity of twin boundaries and the 
TTW-CTW-DTW triple point. Although the vicinity of this triple point was highly distorted, 
Fourier filtering enabled the observation of various dislocations. 

Several <0001> dislocations were observed at the TTW-CTW interface and in the distorted 
area. These dislocations are visible in all twins and were located predominantly within or in 
the vicinity of the twin boundaries. In addition, various basal dislocations were found within 
the TTW, the CTW and the DTW with respect to the (01�10) planes. The available data does 
not allow an unambiguous identification of the basal dislocation, however, they are either 
projections of <a> or <01�10> partial dislocations. The latter form through the dissociation of 
<a> dislocations (cf. Eq. 6.3, [Par67]). Based on the above discussed pronounced line pat-
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tern, which was attributed to basal stacking faults, it can be assumed that a high number of 
these dislocations are <01�10> partial dislocations. Most basal dislocations were observed 
within CTW, while fewer dislocations were found with respect to the DTW and the TTW lat-
tice. Interestingly, a basal dislocation was observed within the above discussed line pattern 
(cf. Fig 5.58 a), d)) supporting the assumption that the patterns, are coupled to a high basal 
slip activity and the generation basal stacking faults, as these stacking faults are bounded by 
<101�0> partial dislocations. The presented experimental results suggest that <a> basal dis-
locations dissociated into two partials at the secondary CTW boundary. This observation is 
consistent with the nucleation model developed by Beyerlein et al. [Bey12] and provides 
important experimental evidence of a connection of the predominance of type 1 DTWs and 
the nature of the dislocations involved in the dissociation reaction. 

As DTWs have been associated to flow localizations introducing failure through a high <a> 
basal slip activity within the narrow DTW being surrounded by parent grain featuring a very 
low SF for <a> basal slip [Won67, Bar07b, Ciz08]. Therefore, it is important to identify means 
of suppressing DTW-ing. In Fig 5.59 and Fig 5.71 it was shown that grain refinement is an 
effective method suppressing CTWs and consequently DTWs. Similar dg effects were ob-
served by Tsai et al. [Tsa13] investigating AZ31 material. 

Using uniaxial compression parallel to ED three generations of twins were generated within 
the same set of materials, enabling the examination of their relative dependencies on dg. 
Although grain refinement decelerated primary TTW-ing, significant primary TTW volume 
fractions (between ≈ 65% and ≈ 81%; cf. sections 5.3.3.2 and 5.4.3.2) were generated in all 
samples, while a dg of 5 µm hindered CTW-ing and DTW-ing considerably especially in the 
L4 alloy. This indicates that CTW-ing features a more pronounced HP effect than TTW-ing. 
However, the observed contraction twins (CTWs and DTWs) correspond almost entirely to 
DTWs regardless of the alloy and dg indicating a weak dg dependence of the CTW-DTW 
transition, although, the number of contraction twins and hence the statistical dataset is 
limited. The present results, the above described low mobility of �101�1� twinning dislocations 
[Ser91] and the higher CRSS of CTWs [Bar08a] indicate that the reduction in DTW-ing activ-
ity with decreasing dg is a consequence of a reduced CTW-ing activity in smaller grains. In 
order to elaborate the dg effect on DTW-ing further compression tests were conducted per-
pendicular to ED using the MG extrusion L (dg = 23 µm) and the FG extrusion J. Fig 6.17 
illustrates the obtained compression flow curves and the initial textures of both materials. The 
difference of dg reflects in a significantly higher CYS in case of the FG material, although, 
both materials feature comparable textures.  

 
Fig 6.17: a) Compression flow curves ⊥ ED, b) initial texture of the L4 extrusion L, c) initial texture of the 

L4 extrusion J.  
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Due to the initial texture, which features a rotational symmetry with respect to the ED, a por-
tion of the grains are aligned for TTW-ing while others are aligned for c-axis compression. 
Therefore, both materials feature a very weak sigmoidal shape. However, at strains > -10 % 
the majority of the grains are aligned for c-axis compression as is evident from EBSD analy-
sis displayed in Fig 6.18 and Fig 6.19. At -12 % (engineering) strain several grains contain at 
least one DTW in case of the MG sample; during further loading the amount of DTWs in-
creases, continuously. In contrast the amount of contraction twins is very limited in the FG 
material even at very high strains - close to failure. Consistent with the above discussion, the 
observed contraction twins correspond almost exclusively to type 1 DTWs confirming that the 
CTW-DTW transition is relatively insensitive to grain refinement. Surprisingly, Fig 6.17 a) 
shows that both alloys exhibit very similar elongations to failure, even though the MG sample 
exhibits a significant amount of DTWs at -12 % strain being less than 50 % of the elongation 
to failure.  

 
Fig 6.18: EBSD analysis of compression samples (⊥ ED) of the extrusion L using IPF maps and BC maps 

highlighting twin boundaries (86° <112�0> = red, 56° <112�0> = yellow, 38° <112�0> = green, 30° <112�0> = 
blue) and IPFs.  

This finding is contradictory to previous reports correlating DTW-ing to fracture. The concur-
rence of a high elongation to failure and a high DTW-ing activity might be related to alloying 
effects promoting slip modes, which enable a sufficient strain accommodation in the vicinity 
of the DTWs. In addition, the 3D arrangement of the DTWs might influence the strain accom-
modation. Fig 6.20 displays a high magnification optical micrograph of a grain containing 
many DTW lamella. These appear to form a 3D network, which could allow deformation in 
various directions and thereby, contribute to the cumulative strain accommodation. An unam-
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biguous explanation of the peculiar coincidence of relatively high elongations to failure and a 
high DTW density requires additional experiments including sophisticated methods such as 
3D EBSD analysis, which are beyond the scope of the present study.  

 
Fig 6.19: EBSD analysis of compression samples (⊥ ED) of the extrusion J using IPF maps and BC maps 

highlighting twin boundaries(86° <112�0> = red, 56° <112�0> = yellow, 38° <112�0> = green, 30° <112�0> = 
blue) and IPFs. 

 
Fig 6.20: Optical micrograph of a compression sample of the MG material (extrusion L). The grains 

contain a high number of DTWs, which appear to intersect and form networks. 
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6.4.2.3 Texture effects 
In contrast to the ME21 and WE54 extrusions, the L4 and LA41 extrusions feature relatively 
sharp <101�0> or <101�0>/<112�0> fiber textures (cf. Fig 5.50, Fig 5.69) promoting the activa-
tion of TTW-ing during uniaxial compression. In order to evaluate the effect of other textures 
EPSC simulations were conducted using the hardening parameters of the L4 alloy (Table 
5.13, Table 5.14) and dg = 30 µm (CG) or 5 µm (FG). The simulation results are displayed in 
Fig 6.21.  

 
Fig 6.21: EPSC simulations of texture effects on the compression flow curve and TTW volume fraction. 

The hardening parameters of the CG and FG L4 samples were applied (Table 5.18, Table 5.19; CG = 30 µm, 
FG = 5 µm). IPFs illustrate the model fiber textures. 

While the predicted flow curves are qualitatively similar to those of the other alloys some im-
portant additional information can be extracted. As might be expected the flow stresses are 
generally lower than in the ME21 and WE54 alloys. Based on the applied HP parameters the 
impact of the grain refinement on the yield strength is anisotropic. While the CYS is only in-
creased by about 10 % in case of the <0002>, the increase is in the range of 60 % in case of 
the <101�0> texture. Comparing the predicted flow curves and the twin volume fractions of the 
<101�0> textures of the CG material and the corresponding ME21 simulations reveals a 
deceleration of TTW-ing in case of the L4 alloy. Apparently, the strengthening of TTW-ing is 
not limited to the formation of TTWs, but also decelerates TTW propagation. This finding is 
even more pronounced in the FG simulations as the HP coefficient of TTW-ing is higher than 
those of <a> prismatic and <c+a> pyramidal slip (Table 5.13, Table 5.14).  

6.4.2.4 Precipitates 
As has been shown in the sections 5.3.2.1 and 5.4.2.1 the L4 and LA41 extrusions contained 
several second phases such as (Al-)Si rich phases and Mg oxides. The size of these phases 
varies on the scale of several microns and therefore, no significant precipitation hardening is 
expected (cf. Eq. 6.1 and Fig 6.12 a)). However, these coarse precipitates or particles limit 
the elongation to failure of the materials particularly during uniaxial tension. In [Agn01] and 
[Als09] Li based alloys displayed much higher elongations to failure than the material inves-
tigated in the present study. While the microstructure of the alloys is not depicted in detail in 
[Agn01], Al-Samman [Als09] reported the absence of second phase precipitates in an L4 
alloy being consistent with the Mg-Li phase diagram (cf. Fig 2.17 a)). These investigations 
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and the present results suggest that the limited observed elongations to failure are attributed 
to the second phase particles.  

6.4.2.5 Deformation mode activity and hardening parameters 
In comparison to the ME21 and the WE54 alloys the Li based alloys feature a lower strength 
resulting in low 𝜏𝜏𝑓𝑓,𝑓𝑓

𝑠𝑠 . However, the L4 and LA41 alloys feature an exceptional TTW-ing be-
havior, where TTW formation is significantly hindered, but TTW propagation occurs readily in 
comparison to the WE54 alloy, resulting in uncommonly low yield strength anisotropy, where 
the CYS is higher than the TYS. In addition, both alloys (L4 and LA41) exhibit a non-
negligible <c+a> pyramidal slip activity during tension tests. While an enhancement of <c+a> 
pyramidal slip was previously reported [Agn01, Agn02, Als09], the uncommon tension com-
pression anisotropy has not been reported to the author’s knowledge.  

Through the evaluation of samples featuring different dg, the slip and twin activation stresses 
and energies could be evaluated separately from HP effects providing four important find-
ings:  

1. The slip activation stresses 𝜏𝜏𝑓𝑓,𝑓𝑓
𝑠𝑠  increase in the expected order: <a> basal < <a> pris-

matic < <c+a> pyramidal slip (cf. Table 5.13, Table 5.18), where the addition of Al in-
creases the 𝜏𝜏𝑓𝑓,𝑓𝑓

𝑠𝑠  of all slip modes, while the ranked order is preserved.  
2. For both alloys, the twin activation stresses 𝜏𝜏0𝑡𝑡 for TTW-ing is higher than 𝜏𝜏𝑓𝑓,𝑓𝑓

𝑠𝑠  for <a> 
prismatic (cf. Table 5.13, Table 5.14, Table 5.18, Table 5.19) deviating from the com-
monly observed ranking for other Mg alloys (e.g. [Cla08, Agn06a, Kne10, Opp12]). 
However, the high 𝜏𝜏0𝑡𝑡 of TTW-ing is in good agreement with the results by Kelley and 
Hosford [Kel68]. They reported an increasing CRSS for TTW-ing with Li addition in-
vestigating Mg single crystals. The conducted EPSC simulations and the findings of 
Kelley and Hosford suggest that the uncommonly high CYS and the resulting positive 
SDE are linked to an exceptionally harder TTW-ing compared to prismatic slip.  

3. The Al additions diminish the activation stress for TTW-ing 𝜏𝜏0𝑡𝑡. A finding which can be 
supported by recent first-principles calculations. Muzyk et al. [Muz12] found that Al 
addition lowers the formation energy of deformation twins, while Shang et al. [Sha14] 
reported that the propensity twinnability of dilute Mg alloys is lowered through Li addi-
tions while Al additions tend to promote the twinnability.  

4. The EPSC simulations suggest that Al additions increase the activation energy 𝑔𝑔𝑠𝑠 of 
<c+a> pyramidal slip being consistent with recent DFT calculations. Shang et al. 
[Sha14] reported that Al additions decrease the SFE I2, while Li additions increase 
this SFE. A higher I2 SFE of the stacking promotes cross-slip and climb of disloca-
tions [Zha12] being in good agreement with a suggestion made by Agnew et al. 
[Agn01, Agn02] that the enhancement of <c+a> pyramidal slip in Mg-Li alloys could 
be related to an increase in the basal SFE. 

In order to evaluate the correlation between the macroscopic HP effect (Table 6.5, Fig 6.16) 
and the dg dependence of the individual deformation modes the HP coefficients given in 
Table 5.13, Table 5.14, Table 5.18 and Table 5.19 were employed (cf. Eq. 4.14, Eq. 4.16). 
As has been mentioned above, TTW boundaries were not considered as barriers in simula-
tion. Based on previous studies [Kne10, Opp12, Cap09a] it is assumed that the quick propa-
gation of TTWs makes TTW boundaries ineffective barriers for dislocations.  

The performed simulations suggest that <a> prismatic slip and TTW-ing feature a higher 
sensitivity to grain refinement than <a> basal and <c+a> pyramidal slip (Table 5.13, Table 
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5.18, Fig 5.63, Fig 5.75) being consistent with previous reports of higher macroscopic HP 
coefficients for twinning than for slip in other Mg alloys [Bar04, Bar08b, Pek13]. The en-
hanced dg dependence of TTW-ing found for the present alloys suggests an important impact 
of grain refinement on the TTW-ing activity. A finding, which is experimentally confirmed us-
ing EBSD in Fig 5.59.  

6.5 Mg-Li superlattice 
In Fig 5.55 b) and c) the Laue pattern of three domains were evaluated to determine the 
orientation of a primary TTW, a secondary CTW and a tertiary DTW. Using the �21�1�0� ZA the 
misorientations of the twins could be directly determined. However, the recorded Laue pat-
tern contained additional (forbidden) 0002n+1 reflections (n = 0, ± 1,…), which were not ex-
pected as they do not correspond to hcp diffraction pattern. In order to analyze the origin of 
these diffraction spots, dark field images were recorded using the “forbidden” reflections to 
identify potential secondary phases or inclusions that might cause the additional reflection. 
With this method, however, no additional phases were detected. Rather, each forbidden re-
flection could be associated with a separate twin region: the primary (red), secondary (yel-
low) or tertiary (green) twin. These forbidden reflections correspond to a hexagonal primitive 
lattice and therefore, are presumably caused by a lithium superlattice. If Li atoms are located 
predominantly in [1/3, 2/3, 1/2] positions the difference in atomic scattering factors of Mg and 
Li would cause an incomplete extinction of the forbidden reflections being consistent with the 
investigation of Hauser et al. [Hau56] revealing a decreasing c/a ratio with increasing Li con-
centration. Based on the smaller atomic radius of Li (0.152 nm, [Sha05]) a predominant lo-
calization at the B plane would result in a decreasing length of the c-axis. 

The generation of a superlattice is expected to provide an important impact on the activity of 
crystallographic slip and deformation twinning and is therefore, of great importance. The 
presented EPSC results indicate that TTW-ing is indeed significantly hindered and <c+a> 
pyramidal slip is enhanced in the L4 alloy (Table 5.13, Table 5.14). However, the un-
ambiguous determination of a superlattice requires additional sophisticated experiments, 
which are beyond the scope of this research project. 
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7. Summary and conclusions 
Within this study the deformation behavior of the extruded Mg alloys ME21, WE54, L4 and 
LA41 was investigated using a variety of microscopy and diffraction based techniques as well 
as crystal plasticity simulations. Covering the process chain from the cast material to semi-
finished extruded and heat treated products, the investigations provide processing parame-
ters, which allow to tailor the microstructure and hence the mechanical properties for further 
forming processes or applications. Through the application of different extrusion parameters 
and heat treatments a variety of microstructures were generated enabling the investigation of 
grain size, texture, precipitate and solute effects on the mechanical properties and the de-
formation behavior of the alloys. The extracted conclusions are summarized briefly:  

ME21 
• Application of different extrusion parameters and post extrusion heat treatments give 

rise to a variety of textures enabling the promotion of individual deformation modes 
through increasing their Schmid factor. The effect of the initial texture on the yield 
strength is limited considering the experimentally observed texture. However, the 
subsequent plastic deformation and the final tension twin volume fraction are altered 
by textural changes. 

• Annealing temperatures ≤ 500 °C result in abnormal grain growth generating a bi-
modal microstructure, where large grains are embedded in a matrix of substantially 
smaller grains. Grains featuring abnormal grain growth occur at sites, where sub-
structured grains, high internal misorientations and an initial grain size advantage oc-
cur simultaneously. High annealing temperatures increase the grain boundary mobili-
ty and hence, the growth rate of all grains is increased replacing abnormal grain 
growth by continuous grain growth and generating a homogeneous microstructure.  

• Heat treatments enable the generation of exceptionally high elongations to failure in 
compression tests. The heat treatments result in important grain growth, reduced pre-
cipitate densities and higher equivalent diameters of these as well as an enhanced 
RE texture component. Thereby, the initial critical resolved shear stress decreases 
while work hardening is enhanced. Exceptional high compression strains are sup-
ported by high <a> basal and <c+a> pyramidal slip activities. These slip systems 
balance each other keeping their activities almost constant and causing texture soft-
ening. 475 °C heat treated samples display early failure, which is caused by an inho-
mogeneous microstructure causing high intergranular stresses. 

• Although short high temperature heat treatments are sufficient to produce textures fa-
voring the activation <a> basal slip, the extraordinary high elongations to failure could 
not be generated. 

WE54 
• The WE54 alloy appears to be less sensitive to grain refinement than the other 

investigated alloys. 

• In contrast to most Mg alloys, the WE54 alloy displays a very low �101�2�<101�1�> ten-
sion twinning activity particularly in the as-extruded and 16 h at 250 °C age-hardened 
conditions. 
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• The �101�2�<101�1�> twinning activity increases subsequent to age-hardening for 500 h 
at 250 °C or 24 h at 400 °C annealing. These heat treatments lower the solute con-
centrations of Y and Nd and form precipitates within the grain interior or the grain 
boundaries. The EPSC simulations indicate that precipitate formation at the grain 
boundaries does not provide suitable obstacles to hinder crystallographic slip. There-
fore, the enhanced tension twinning activity of the 400 °C annealed samples cannot 
be caused by selective hardening of slip, but is generated through lower solute con-
centrations. 

• The plate-shaped precipitates on �101�0�α planes, which form during 250 °C age-hard-
ening, are most effective hindering <a> basal slip, while other slip modes are only 
slightly hardened. 

• The solid solution hardening of Y, Nd and further heavy rare earth elements is more 
effective than the precipitation hardening in the ME21 alloy. The experimental data 
and the simulation results suggest that Y and Nd solutes enhance the activity of the 
<c+a> pyramidal slip system. The tendency of the WE54 alloy to resist textural 
changes is correlated to the enhanced activation of the <c+a> pyramidal slip systems 
and a reduced activity of �101�2�<101�1�> tension twinning. 

L4 and LA41 
• The Li based alloys feature an uncommonly low tension-compression yield, where the 

compression yield strength is higher than the tension yield strength.  

• Alloying 1 wt% Al increases the compression and the tension yield strength by 
approximately 30 % and the hardening rates. 

• The dislocation based EPSC model successfully predicts flow curves, texture evolu-
tion and elastic lattice strains allowing the following conclusions: (1) Al addition in-
creases the activation stresses of the basal <a>, prismatic <a> and pyramidal <c+a> 
slip modes, while their relative order is maintained and reduces the activation stress 
for �101�2�<101�1�> tension twinning, (2) the Li alloys exhibit an enhanced <c+a> 
pyramidal slip activity, (3) the Hall-Petch coefficients are significantly lower for <a> 
basal slip and <c+a> pyramidal slip than for <a> prismatic slip and tension twinning, 
and (4) the positive SDE is generated by a higher activation stress for tension twin-
ning compared to that for <a> prismatic slip. 

• Coarse grained L4 and LA41 extrusions feature a sequential activation primary 
�101�2�<101�1�> tension twinning, secondary �101�1�<101�2�> compression twinning and 
tertiary �101�1�-�101�2� double twinning, where the double twinning activity is remarka-
bly high and the double twins correspond almost exclusively to type 1. The growth 
rate of internal tension twin (forming the double twin) is much higher than that of the 
compression twin resulting in a predominance of double twins. 

• Basal slip is highly active in the three generations of twins. A high number of basal 
dislocations was observed in the vicinity of TTW-CTW-DTW triple point. Additionally 
<0001> dislocations were observed especially within the TTW-CTW interface. 

• Residual secondary compression twins contribute to the strain accommodation within 
the primary tension twin and the tertiary double twin interface. The primary tension 
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twin and the tertiary double twin do not possess a common crystallographic twin sys-
tem, while the secondary compression twin shares a �101�1�<101�2�> twin boundary 
with the primary tension twin and a �101�2�<101�1�> twin boundary with the tertiary dou-
ble twin. 

• Grain refinement suppresses compression twinning and thereby subsequent double 
twinning. Compression twinning appears to be more grain size sensitive than tension 
twinning. 

• The transition from the compression twin into a double twin is found to be insensitive 
to grain refinement. It appears that the grain size does not affect double twinning. 

• In contrast to previous reports investigating different alloys, the elongation to failure of 
the Li based alloys is insensitive to the presence of double twins. 
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8. Directions for future research 
Within the conducted research project the large impact of solutes on the deformation behav-
ior of Mg alloys including both crystallographic slip and twinning was observed. While several 
studies employed first principle simulations to assess the effect of solutes on the stacking 
fault energies and the deformation behavior have been published (e.g. [Muz12, San14, 
Sha14]) recently, the experimental analysis of solute effects is not as advanced. The present 
results as well as other recent publications (e.g. [Agn13, Nie13, Sta15]) provide evidence 
through experiments and simulations that solutes might be exceptional effective in hardening 
twinning, which would at the same time reduce the plastic anisotropy significantly. These 
finding could motivate further research investigating both the efficiency of solutes in terms of 
affecting individual deformation modes and the mechanisms involved in hardening particular 
twin modes. In this regard the potential Mg-Li superlattice, which is suggested by Laue dif-
fraction pattern could be of particular interest. The generation of an ordered structure is ex-
pected to have significant impact on the deformation behavior including twinning and might 
be related to the uncommon tension-compression anisotropy, which was observed in the 
present study.  

The investigation of double twinning could be another topic for additional investigations. As 
has been shown in section 6.4.2.2 the elongations to failure of the L4 and the LA41 alloys 
appear to be insensitive to the presence of double twins; a finding, which is contrary to the 
common assumption of a correlation of double twins and fracture through flow localization. 
Here, further investigations are required to clarify the origin of the negligible effect of double 
twins on the elongation to failure in Li based alloys. Subject to the three dimensional ar-
rangement of the double twins, they could enable grain refinement procedures. If the double 
twin lamellas create a three dimensional network sub-dividing the initial grains many times, 
suitable annealing of highly deformed samples could be a viable method to generate fine 
grained materials. Eventually, a supposed double twin network could be used following the 
concepts of grain boundary engineering. In addition, double twins might be exploited in terms 
of texture randomization during recrystallization. In this context Hantzsche et al. [Han10] 
observed the appearance of deformation bands containing twins in RE containing alloys 
featuring weak textures. If the double twins do not cause preliminary fracture, they introduce 
additional orientations, which could influence the orientation of the viable recrystallization 
nuclei.  
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