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Abstract 

The influence of small calcium additions on the high-temperature mechanical behaviour in an extruded Mg–6Zn–1Y (wt.%) alloy reinforced 
by the I-phase has been investigated. Calcium promotes the formation of the intermetallic Mg 6 Zn 3 Ca 2 phase instead of I-phase, which results 
in a noticeable improvement of the yield strength and ultimate tensile strength of the alloy above 100 °C. The strength of the alloys was 
analysed taking into account the contribution due to the grain size, the crystallographic texture and the volume fraction and nature of second 
phase particles. In situ synchrotron radiation diffraction experiments have been used to evaluate the load partitioning between the magnesium 

matrix and the second phase particles (I- and Mg 6 Zn 3 Ca 2 phases) in both alloys. The load transfer from the magnesium matrix towards the 
Mg 6 Zn 3 Ca 2 phase is markedly more effective than that for the I-phase over the entire temperature range, especially at 200 °C, temperature 
at which the reinforcement effect of the I-phase is null. 
© 2020 Published by Elsevier B.V. on behalf of Chongqing University. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

The development of new magnesium alloys has been in- 
reasing in recent years. Several specific characteristics such 

s low density and high specific strength make it one of 
he lightest structural metallic materials suitable for use 
n aerospace and automobile industries [1-3] . An extensive 
umber of high-strength alloy families have been developed 

hrough the appropriate choice of alloying elements in proper 
oncentrations. Among them, the Mg–Zn–Y system has a 
reat potential for the design of alloys combining excellent 
uctility and high strength from room temperature up to 200–
50 °C [4-24] . Modifying the ratio between the content of 
ttrium and zinc, different second phases such as quasicrys- 
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eriod Stacked Ordered (LPSO) phases can be stabilised. The 
-phase provides a considerable strengthening to the alloy as 
esult of the strong interface with the magnesium matrix, high 

ardness and thermal stability until 450 °C [4 , 25-32] . Further- 
ore, the alloys containing the I-phase require minor yttrium 

ontents than those alloys containing the LPSO phase, reduc- 
ng fabrication costs. 

The addition of small concentrations of a fourth element to 

g–Zn–Y alloys also contributes to enhance the mechanical 
roperties [19] . The element proposed in the present research 

s calcium. Its beneficial effect on the mechanical properties, 
t room and high temperatures, through the formation of hard 

ntermetallic phases has been widely reported [2 , 22 , 33-43] . 
oreover, calcium not only facilitates recrystallization during 

xtrusion, reducing the typical strong basal texture of wrought 
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agnesium alloys [19 , 32 , 44-46] , but also increases the igni- 
ion temperature of magnesium [47 , 48] . 

The present work evaluates the influence of small calcium 

dditions on the increase in the mechanical resistance of Mg–
Zn–1Y (wt.%) alloy at high temperatures. Special emphasis 
s given to understand the reinforcing capacity provided by 

econd-phase particles and to determine the effectiveness of 
oad transfer from the magnesium matrix towards the sec- 
nd phase particles. For this purpose, synchrotron radiation 

iffraction experiments during in situ compression tests have 
een performed. This technique has been extensively used to 

tudy the dynamic microstructural processes occurring dur- 
ng deformation of magnesium alloys, providing information 

n changes in the grain structure, texture evolution, defor- 
ation systems, stress–strain behaviour, residual stresses, etc. 

49-54] . More specifically, this technique has been used to in- 
estigate the reinforcing effect of different second-phase parti- 
les in the magnesium alloys, i.e. LPSO-phase [21 , 24 , 55-56] 
s well as the quasicrystalline I-phase in Mg–Zn–Y alloys 
57] , but the load transfer from the magnesium matrix to- 
ards the Mg 6 Zn 3 Ca 2 phase has not been studied yet. 

. Experimental procedure 

Ternary Mg–6Zn–1Y (wt.%) alloy, designated as ZW61, 
as prepared by melting pure magnesium, zinc and yttrium 

n an electric resistance furnace. This alloy was modified by 

dding 1% of calcium with a nominal composition of Mg–
Zn–1Y–1Ca (wt.%) and it was designated as ZW61Ca. Both 

lloys were cast in a cylindrical steel mould of 50 cm in length 

nd 45 mm in diameter and then extruded at 300 °C with an 

xtrusion ratio of 18:1. 
Microstructural characterization of extruded ZW61 and 

W61Ca alloys was carried out by Scanning Electron 

icroscopy (SEM) using a Hitachi S-4800 microscope 
quipped with an Energy-Dispersive X-ray microanalysis 
EDS). Micro-texture analysis was performed by Electron 

ackscattered Diffraction (EBSD) technique attached to the 
EOL JSM 6500F equipment. EBSD data were evaluated us- 
ng the Channel 5 EBSD software. The Orientation Image 

apping (OIM) was taken in the longitudinal section of the 
ample, parallel to the extrusion direction (ED) with high an- 
le ( > 10 °) represented by black lines. 

Sample preparation for SEM and EBSD analysis consisted 

f conventional grinding with silicon carbide followed by 

echanical polishing with a solution of colloidal silica in 

thanol. Finally, for EBSD analysis, the specimen was chem- 
cally etched using a mixture of 3 ml of nitric acid, 7 ml of
cetic acid, 10 ml of water and 30 ml of ethanol. 

Mechanical properties were evaluated through tensile and 

n-situ compressive tests. Tensile tests were carried out from 

oom temperature up to 350 °C in a universal tensile machine 
Instron model 1362) at an initial strain rate of 10 

−4 s −1 . 
ylindrical samples were machined from the extruded bar, 
ith a 3 mm radius and gauge length of 10 mm, being the 

ensile direction parallel to the extrusion direction. 
1048 
In-situ synchrotron radiation diffraction during compres- 
ion tests were carried out to evaluate the load partitioning 

etween the I- and Mg 6 Zn 3 Ca 2 phases and the magnesium 

atrix from room temperature to 200 °C. In-situ experiments 
ere carried out in the P07B -HEMS beamline of PETRA III, 

t the Deutsches Elektronen-Synchrotron (DESY). It is inter- 
sting to point out that extruded magnesium alloys exhibit a 
ifferent mechanical behaviour under tension and compres- 
ion due to the activation of tensile twinning in addition to 

asal slip, although twinning activity tends to disappear as the 
est temperature increases [58 , 59] . Consequently, compression 

ests are perfectly valid to evaluate the reinforcing capacity of 
he I- and Mg 6 Zn 3 Ca 2 phases during plastic deformation at 
he temperatures studied in this work. Tests were conducted 

t a strain rate of 10 

−3 s −1 . Experimental details can be ex- 
ensively found in [57] . The elastic strain for each diffraction 

eak is calculated by the relative shift in the position of the 
iffraction peak, as: 

 hkl = 

d hkl − d 0,hkl 

d 0,hkl 
(1) 

here d hkl and d 0,hkl are the interplanar distance of the hkl 
lane in the stressed and stress-free crystal. d 0,hkl is selected 

s the interplanar distance before the compression test. The 
iffraction angle θ and the lattice planar spacing are linked 

hrough the Bragg’s law. 

 hkl = 

λ

2 sin θhkl 
(2) 

here λ is the wavelength of the radiation (0.0124 nm). 

. Results 

.1. Microstructure 

Fig. 1 (a–b) shows the back-scattered electron images of 
xtruded ZW61 and ZW61Ca alloys along the ED. The mi- 
rostructure of the extruded bars is similar in both materials, 
onsisting of a dark magnesium matrix and a bright second- 
hase aligned along the extrusion direction. The addition of 
alcium not only changes the nature of the second phase, but 
lso its volume fraction ( Table 1 ). The second phase corre- 
ponds mainly to I-phase (Mg 3 Zn 6 Y 1 ) for the ZW61 alloy and 

ntermetallic Mg 6 Zn 3 Ca 2 phase for the ZW61Ca alloy [32] . 
he volume fraction of Mg 6 Zn 3 Ca 2 in the ZW61Ca alloy is 
igher than the volume fraction of I-phase in the ZW61 alloy, 
ut Mg 6 Zn 3 Ca 2 particle size is twice that of the I-phase in 

W61 alloy, 1.2 and 0.6 μm, respectively. It is interesting 

o note that most of Mg 6 Zn 3 Ca 2 particles are very fine but 
 small fraction of them is very coarse, with sizes ranging 

etween 5 and 10 μm. 
The magnesium matrix in both alloys exhibits a bimodal 

rain structure consisting of fine equiaxed dynamically recrys- 
allized (DRXed) grains and coarse non-DRXed grains elon- 
ated along the extrusion direction ( Fig 1 c, d). The volume 
raction of non-DRXed grains determined from EBSD maps 
s 7% and 2% for the ZW61 and ZW61Ca alloy, respectively. 
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Table 1 
Microstructural features found in ZW61 and ZW61Ca alloys [32] : volume fraction of second phases ( V V phase ), particle size ( P Size ), volume fraction of 
non-recrystallized areas ( V Vnon-DRX ) and grain size of recrystallized grains (GS). 

Alloy V V fase (%) P Size ( μm) V V non-DRX (%) GS ( μm) 

ZW61 5.8 ±0.7 0.6 ±0.1 7 ±1 3.6 ±0.1 
ZW61Ca 8.3 ±1.2 1.2 ±0.3 2 ±1 4.4 ±0.1 

Fig. 1. Backscattered electron images of (a) ZW61 and (b) ZW61Ca alloy. 
EBSD Orientation Image Mapping (OIM) in the plane of ED (extrusion 
direction)-RD (radial or transversal direction) and corresponding pole figures 
of (c, e) ZW61 alloy and (d, f) ZW61Ca alloy. 
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Fig. 2. (a, b) True stress-true strain curves from room temperature up to 
350 °C at a strain rate of 10 −4 s −1 for the ZW61 and ZW61Ca alloys, re- 
spectively and (c) yield stress dependence with the temperature for both 
alloys. 
he average grain size of DRXed grains is 3.6 and 4.4 μm, 
espectively, for the ZW61 and ZW61Ca alloy. Coarse non- 
RXed grains (mainly coloured in green and red in EBSD 

aps) are highly oriented with their basal planes parallel to 

he extrusion direction. Fig. 1 e and f shows the {0002} and 

 10 ̄1 0 } pole figures obtained from the orientation image map 

n Fig. 1 c, d. Both alloys present a typical fibre texture with 

asal planes parallel to the ED. Texture of the ZW61Ca alloy 

s less pronounced compared to ZW61 alloy. 

.2. Mechanical properties 

The true stress-true strain curves from RT up to 350 °C at 
 strain rate of 10 

−4 s −1 are presented in Fig. 2 a and b for
W61 and ZW61Ca alloys, respectively. Tensile data such as 
ield stress, ultimate tensile strength and elongation to failure 
re listed in Table 2 . 

Tensile behaviour shows two temperature intervals in 

hich both alloys behave in a similar way. In the first inter- 
al, from RT to 150 °C, both alloys exhibit certain hardening 

fter yielding that gradually decreases as the test tempera- 
ure increases. The increase in the test temperature is also 

ccompanied by a gradual decrease in the yield strength and 

aximum resistance. In the second temperature interval (200–
1049 
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Table 2 
Yield stress (YS), ultimate tensile strength (UTS) and elongation to failure (EF) values of the extruded ZW61 and ZW61Ca alloys tensile tested from room 

temperature up to 350 °C. 

ALLOY ZW61 ZW61Ca 

Temperature ( °C) σ0.2 (MPa) UTS (MPa) ε (%) σ0.2 (MPa) UTS (MPa) ε (%) 

RT 232 340 30 215 329 25 
100 160 214 60 170 242 38 
150 98 122 83 134 176 60 
200 41 62 127 96 102 121 
250 19 30 274 44 54 165 
300 9 22 309 11 28 206 
350 10 16 205 5 17 282 
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50 °C), the plasticity of both alloys increases considerably, 
ith elongations exceeding 100%, while the yield strength 

nd maximum resistance fall sharply to very low values, even 

elow 20 MPa. The variation of yield strength with the tem- 
erature is represented in Fig. 2 c. Above 100 °C, the ZW61Ca 
lloy exhibits higher values of the yield strength compared 

ith the ZW61 alloy, being the maximum difference at 200 °C 

2.3 times higher). 

.3. Evolution of the microstructure during plastic 
eformation 

Microstructural evolution during plastic deformation was 
nalysed throughout EBSD maps and their corresponding 

ole figures obtained at the head of the tensile sample (non- 
eformed region) and close to the fracture surface (deformed 

egion) of ZW61 and ZW61Ca alloys after tensile testing at 
00 and 300 °C ( Fig. 3 ). 

At 200 °C, elongated non-DRXed grains of both alloys still 
oexist with much finer recrystallized regions ( Fig. 3 a, b, e 
nd f). Non-DRXed grains, coloured in green and red, are 
riented with the basal planes parallel to the extrusion direc- 
ion, which contribute to increase the basal texture, as can be 
bserved in the corresponding pole figures ̧ while fine DRXed 

rains are randomly oriented. 
At 300 °C, the microstructure of both extruded alloys un- 

ergoes relevant changes. On one hand, grain size increases 
ith respect to the as-extruded condition reaching values of 
p to 30 and 20 μm for ZW61 and ZW61Ca alloys, respec- 
ively. On the other hand, non-DRXed regions initially exist- 
ng disappear completely in the course of plastic deformation, 
eading to an equiaxed grain structure ( Fig. 3 d and h). Thus, 
ole figures indicate that the equiaxial grains are randomly 

riented softening the overall texture especially in ZW61Ca 
lloy. In ZW61 alloy, it can be noticed that the intensity of 
he texture is higher at 300 °C than that at 200 °C. 

Fig. 4 shows backscattered SEM images of longitudinal 
ections for the ZW61 alloy and the ZW61Ca alloy deformed 

t RT, 200 and 300 °C. Although the nature, morphology and 

ize of the second phases is different, both alloys present sim- 
lar microstructural features prior to and after deformation. 
n non-deformed regions, i.e. in the as-extruded condition, 
inear arrangements of I-phase/Mg 6 Zn 3 Ca 2 particles appear 
1050 
ligned along the extrusion direction ( Fig. 4 a and b). This 
icrostructure evolves during deformation disregarding test 

emperature. Thus, samples deformed at room temperature ex- 
ibits short cracks confined within the linear arrangements of 
-phase/Mg 6 Zn 3 Ca 2 particles running perpendicularly to the 
oading direction without penetrating into the adjacent mag- 
esium matrix ( Fig. 4 c and d). It is interesting to note that 
racks are preferentially associated with coarse second phase 
articles, so cracking is more pronounced for ZW61Ca alloy 

han for ZW61 alloy. As the temperature increases, the per- 
ect linearity of second phase arrangements is progressively 

roken during deformation. Particles are laterally shifted from 

heir original position in the linear arrangements, being such 

isplacement more pronounced as the test temperature in- 
reases. Thus, particles are hardly displaced after deformation 

t 200 °C (see Fig. 4 e and f), but they are more uniformly dis-
ributed after deformation at 300 °C, especially in the regions 
lose to the fracture. In addition, cracks are mainly linear 
t low temperatures and they are aligned along the extru- 
ion direction (see Fig. 4 e and f). It seems that the origin of
ong cracks is the perpendicular flaws/cracks nucleated in the 
oarse I-phase or Mg 6 Zn 3 Ca 2 particles. Further loading leads 
o the separation between both parts of the cracked particles 
long the applied stress direction, resulting in the develop- 
ent of long linear cracks. With increasing temperature, the 

olume fraction of cracks increases as well as their size (see 
ig. 4 g and h). Now, cracks/cavities are not linear, and they 

an progress not only along the loading direction, but also 

erpendicularly to it. 

.4. Evolution of the internal stress in the second phases 

Fig. 5 a–d shows diffraction patterns as a function of 2 θ , 
btained integrating Debye-Scherrer rings along the axial and 

adial directions, acquired before ( Fig. 5 a and c) and after 
 Fig. 5 b and d) the in-situ compression test for the extruded 

W61 and ZW61Ca alloys. On Fig. 5 a and c, in the ax- 
al direction, owing to the intense fibre texture of the alloy, 
he diffraction peak corresponding to the { 10 ̄1 0 } planes ex- 
ibits the highest intensity, being more intense in the case of 
he ZW61 alloy. In contrast, the intensity of the diffraction 

eak corresponding to (0002) plane in the axial direction is 
ery low. This behaviour is inverted in the diffraction pattern 
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Fig. 3. EBSD Orientation Image Mapping (OIM) in the plane of ED-RD and pole figures of the extruded ZW61 and ZW61Ca alloys tested at 200 and 300 °C 

in the (a, c, e, g) non-deformed and (b, d, f, h) deformed regions. 
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btained in the radial direction. The diffraction peaks corre- 
ponding to the second phases are also detected (see insets 
n the plots). In the ZW61 alloy, the most intense diffraction 

eak of the I-phase appears at 2 θ = 3.04 ° corresponding to 

he {221,001} diffraction peak (in Elser indexes [60 , 61] used 

or quasicrystal). For the ZW61Ca alloy, the main diffraction 

eak of the Mg 6 Zn 3 Ca 2 phase corresponds to {222} plane 
t 2 θ = 3.3 °. Despite its low intensity, it can be fitted accu- 
ately. After compression tests, diffraction peaks are shifted 

o higher 2 θ values (lower d values) and the intensity of the 
iffraction peaks changes significantly ( Fig. 5 b and d). The 
ntensity of the (0002) diffraction peak strongly increases at 
xpenses of the { 10 ̄1 0 } diffraction peak due to activation of 
ensile twinning [57 , 59 , 62 , 63] . The evolution of the elastic
trains was calculated using Eq. (1) . d 0 was assumed as the d 

alue at zero external stress, i.e. before the compression test. 
The evolution of the elastic strains, between room tem- 

erature and 200 °C, has been evaluated for { 10 ̄1 0 } , {0002}, 
 10 ̄1 1 } and { 11 ̄2 0 } diffraction peaks of magnesium. {221,001} 
iffraction peak of the I-phase and the {222} diffraction peak 

f Mg 6 Zn 3 Ca 2 have been considered for the calculation of in- 
ernal strains in each of these phases. Fig. 6 (a–f) shows the 
volution of the elastic strains as a function of the applied 

tress in the axial direction for both phases: the magnesium 

atrix and the I-phase in ZW61 alloy and the magnesium ma- 
1051 
rix and the Mg 6 Zn 3 Ca 2 phase in ZW61Ca alloy. This temper- 
ture range has been chosen because in it differences in yield 

tress are maximum between ZW61 and ZW61Ca alloys. At 
00 °C, however, variation in the yield stress among the alloys 
re almost negligible, as can be seen in Fig. 2 c. The engineer- 
ng compression curves for both alloys at RT, 100 and 200 °C 

re also shown in Fig. 6 . These compressive curves allow an 

asy comparison of macroscopic strains and specific-planar 
trains in each family of planes. At room temperature, the 
acroscopic yield stress, corresponding to the 0.2% of plas- 

ic deformation, is around 200 MPa in both alloys. However, 
he yield stress is always higher for the ZW61Ca alloy as the 
emperature increases. Moreover, the stress gap becomes pro- 
ressively higher as the test temperature increases, which is 
he same behaviour found during tensile testing (see Fig. 2 ). 
inally, Fig. 6 (a–f) shows the integrated intensity along the 
xial direction for {10 ̄1 0} and (0002) diffracted peaks as a 
unction of the applied stress. As it was commented before, 
he intensity evolution of both orientations is connected due 
o the activation of the twinning [57 , 59 , 62 , 63] . In addition,
t is necessary to know how precisely the elastic strain in 

he magnesium matrix evolves in these alloys with a bimodal 
rain structure as the temperature increases as a way for iden- 
ifying the deformation mechanism. Below the macroscopic 
ield stress, both alloys behave purely elastically, following 
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Fig. 4. Longitudinal views of (a, b) non-deformed and (c, d, e, f, g, h) deformed regions of samples tested at room temperature (c, d), 200 °C (e, f) and 
300 °C (g, h) for the ZW61 alloy (a, c, e, g) and ZW61Ca alloy (b, d, f, h). 
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he same slope. However, the applied stress dependence of 
lastic strains for some diffraction peaks loses their linearity 

efore reaching the macroscopic yield. For both alloys, first 
eviation from linearity is found for grains oriented with the 
 10 ̄1 1 } plane perpendicular to the compression axis (see blue 
rrows in Fig. 6 ) regardless of the testing temperature. These 
1052 
rains are favourably oriented for the activation of basal slip 

ith a Schmid factor of 0.43. As expected, the microyield- 
ng stress for these grains decreases as temperature increases. 
his deformation mechanism is independent on the stress sign 

nd, consequently, it should be also activated under tension 

long the extrusion direction. Second deviation from linearity 
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Fig. 5. Diffraction patterns as a function of 2 θ along the axial and radial directions obtained by integration of Debye–Scherrer rings, (a, c) before and (b, d) 
after the in-situ compression test for the (a, b) ZW61 and (c, d) ZW61Ca alloys, respectively. 
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s observed for grains oriented with their (0002) plane per- 
endicular to the compression axis (see red arrows in Fig. 6 ). 
n the region between micro-yielding and macroscopic yield 

tress, the elastic strain decreases a little (in absolute val- 
es). Above macroscopic yield stress, the elastic strain of the 
0002) increases (in absolute value) again with a higher rate 
ompared to the rate observed in the elastic regime, which is 
ccompanied with the continuous increase in the integrated 

ntensity ( Fig. 6 a–b). This simultaneous change in the inte- 
rated intensity of the {10 ̄1 0} and (0002) diffraction peaks is 
elated to the nucleation, propagation and further growth of 
wins [57 , 59 , 62 , 63] . Finally, magnesium grains oriented with
10 ̄1 0} and {11 ̄2 0} planes perpendicular to the compression 

xis are not favourably oriented for basal slip. The Schmid 

actor for the slip of 〈 a 〉 dislocations in the basal plane is
ero for both grain orientations. Therefore, the evolution of 
he elastic strains as a function of the applied stress should re- 

ain linear-elastic during the compression test when no other 
lip systems are activated. 

The evolution of elastic strains of the second phases (I- 
hase in the ZW61 alloy and Mg 6 Zn 3 Ca 2 phase in the 
W61Ca alloy) are also presented in Fig. 6 . At room temper- 
ture, the I-phase and Mg 6 Zn 3 Ca 2 phases show a linear be- 
aviour up to the macroscopic yield stress with a slope higher 
han that for the magnesium phase. Assuming an “isostress”
pproach, the Young modulus can be estimated as 66 GPa 
nd 50.5 GPa, for the I-phase and Mg 6 Zn 3 Ca 2 phase, respec- 
ively. The Young modulus of both intermetallic phases is 
igher than that of magnesium (45 GPa [64] ). After the yield- 
ng of the magnesium matrix, the internal strain of inter- 

etallic phases significantly decreases (in absolute values), 
s

1053 
articularly just after yielding. The elastic strain measured 

n the Mg 6 Zn 3 Ca 2 phase is higher than in the I-phase for 
dentical applied stresses. Thus, at 8% of plastic strain, the 
nternal strains are −0.009 and −0.014 for the I-phase and 

g 6 Zn 3 Ca 2 phases, respectively. At 100 °C, the behaviour 
s similar to room temperature. However, while the internal 
train in the Mg 6 Zn 3 Ca 2 phase is equal to the values ob- 
ained at room temperature, the internal strain of the I-phase 
ecreases ( −0.005 at 10% of strain) even below the internal 
train value of grains oriented with the basal plane perpendic- 
lar to the loading axis (twins). At 200 °C, the elastic strains 
n the Mg 6 Zn 3 Ca 2 phase decreases with respect to room tem- 
erature and 100 °C ( −0.0075 at 10% of strain). In the ZW61 

lloy, the internal strains of the I-phase are lower than the 
alues calculated for all diffraction peaks of the magnesium 

hase. 
From the elastic strains ( Fig. 6 ), the internal stress along 

he axial direction of the intermetallic phases can be evaluated 

sing the generalized Hookeś equation: 

t ot ,ax = 

E hkl 

( 1 − 2 νhkl ) ( 1 + νhkl ) 

[
( 1 − νhkl ) ε t ot ,ax + 2 νhkl ε t ot ,rad 

]
(3) 

here E and ν are the Young Modulus and Poisson ratio of 
he hkl plane. The load partitioning between each family of 
agnesium grains depends strongly on their individual crys- 

allographic orientation. However, the average stress in the 
agnesium phase can be calculated using the stress balance 

etween the magnesium matrix and the second phases by as- 
uming that the stress in the I-phase and Mg 6 Zn 3 Ca 2 phase 
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Fig. 6. Compressive macroscopic stress-strain curve, evolution of the elastic strains as a function of the applied stress in the axial direction and integrated 
intensity in the axial direction of the diffracted peaks obtained during the in-situ compression tests from (a, b) room temperature, (c, d) 100 °C and (e, f) 
200 °C for (a, c, e) ZW61 alloy and (b, d, f) ZW61Ca alloy. 
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s homogeneous, since they behave pure elastically. 

app = f int σint + ( 1 − f int ) σMg (4) 

This method has been successfully applied for evaluating 

he stress evolution during thermal cycles at high temperature 
n aluminium matrix composites or the residual stresses in 

agnesium matrix composites [65-68] . 
The Young modulus and Poisson ratio of the I-phase and 

g 6 Zn 3 Ca 2 phases and its evolution with the temperature is 
ot reported in the literature. Takeuchi and Edagawa [69] re- 
orted an estimation of the Young modulus and Poisson ratio 

f the I-phase ( E = 112 GPa and ν = 0.208) at room tempera-
ure. However, values obtained from the slope of the elastic 
train versus applies stress in the elastic regime are much 

ower. On the other hand, E and ν values obtained for the 
g 6 Zn 3 Ca 2 phase are in the range of intermetallic Mg-RE 

ompounds [70 , 71] . In this work, the experimental Young 

odulus obtained from Fig. 6 and a Poisson ratio of 0.2 has 
1054 
een used. Fig. 7 (a, b) shows the evolution of the internal 
tresses in both phases for both alloys at room temperature, 
00 °C and 200 °C. The compression curves are also plotted 

or an easy comparison. Moreover, the function σ app = σ int 

dash black line in the plot) has been equally included. This 
ine establishes the boundary where the phase bear higher 
right side) or lower (left side) loads than the applied stress. 

Load transfer has been evaluated during compression 

ests. Although magnesium alloys exhibit tension/compression 

symmetry which is noticed by the different shapes of tension 

nd compression curves. In compression curves, the typical 
at region, immediately after the yield stress, is followed by 

 linear hardening stage during subsequent deformation in the 
lastic regime. Both features denote the activation of twinning 

t room temperature and 100 °C. While a large difference be- 
ween the yield stress in tension and compression is found 

t room temperature, indicative of the significant contribution 

f twinning for softening the material, such difference has 
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Fig. 7. Evolution of the internal stresses in (a) I-phase for ZW61 alloy and 
(b) Mg 6 Zn 3 Ca 2 phase for ZW61Ca alloy, at room temperature, 100 °C and 
200 °C. 
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Z
[

lmost disappeared at 100 °C, denoting low contribution of 
winning mechanism. At 200 °C, deformation is exclusively 

ontrolled by dislocation motion. Consequently, it can be as- 
umed negligible contribution of twinning during deformation 

t 100 and 200 °C. In compression curves, the stress in the 
agnesium and I-phase at room temperature follows a linear 

ehaviour with a slope near 1 below the yield stress ( Fig. 7 a).
bove the yield stress, the evolution in the stress of the mag- 
esium phase deviates from the linearity towards lower values 
in absolute values). Contrarily, the stress born by the I-phase 
ncreases rapidly up to almost 340 MPa for a strain of 3% 

the stress in the magnesium phase is about 205 MPa and the 
pplied stress is 211 MPa) and close to 490 MPa for a strain 

f about 8% (the stress for the magnesium phase is about 
20 MPa and the applied stress is 331 MPa). At 100 °C, the 
ehaviour is similar to room temperature. The stress assumed 

y the I-phase rapidly increases up to 250 MPa once the yield 

tress is surpassed. This is the maximum stress that can bear 
he I-phase, because this value remains constant beyond the 
% of total strain. Thus, for strains exceeding the 4%, the 
ncrease of stress is assumed by the matrix. Thus, at 4% of 
train the stress in the I-phase is 250 MPa, about 190 MPa in 

he magnesium phase and the applied load is 194 MPa while 
t 10% the stresses are 263 MPa for the I-phase, 290 MPa 
or the magnesium matrix and 287 MPa the applied load. At 
00 °C, the stress in the I-phase is always lower than the ap- 
1055 
lied stress. Therefore, the I-phase is not effective reinforcing 

agnesium at 200 °C. 
In the ZW61Ca alloy, similar to the ZW61 alloy, the stress 

n the Mg 6 Zn 3 Ca 2 and the magnesium phases for all temper- 
tures follows a linear behaviour with a slope near 1 below 

ield stress. Above yield stress, the evolution in the stress of 
he magnesium phase deviates from the linear behaviour to 

ower values (in absolute values). Moreover, the magnitude of 
uch deviation is higher than that found for the I-phase. On 

he contrary, the stress bear by the Mg 6 Zn 3 Ca 2 is at least two
imes higher than that of magnesium for a given strain. At 
oom temperature, the Mg 6 Zn 3 Ca 2 particles withstand about 
10 MPa when the sample is compressed 3%, while the stress 
n the magnesium matrix is 188 MPa just and the applied load 

15 MPa. At strain of 8%, Mg 6 Zn 3 Ca 2 phase withstands al- 
ost 700 MPa, the magnesium matrix 273 MPa and the ap- 

lied stress is 310 MPa. At 100 °C, at strain of 3%, the stress
ssumed by the Mg 6 Zn 3 Ca 2 phase is about 420 MPa, the mag- 
esium withstands 174 MPa and the applied load is 195 MPa. 
he load assumed by the Mg 6 Zn 3 Ca 2 phase increases more 
lowly with progressing plastic deformation up to 570 MPa 
t strain of 10%, while the stress in the magnesium ma- 
rix is 257 MPa and the applied load is 283 MPa. At 200 °C, 

g 6 Zn 3 Ca 2 particles continue reinforcing the material during 

he entire plastic regime. The stress bear increases gradually 

ith plastic deformation up to about 300 MPa at strain of 
0%. At this strain the stress assumed by the magnesium 

atrix is lower than the applied stress, 142 and 154 MPa, re- 
pectively. These data reveal that the Mg 6 Zn 3 Ca 2 phase is an 

ffective reinforcement of magnesium over the entire temper- 
ture range (RT-200 °C). 

To elucidate if hardening is related to the nature or volume 
raction of second phases, or even a combination of them, 
he load assumed (from curves plotted in Fig. 7 .) by 1% in 

olume fraction of the I- and Mg 6 Zn 3 Ca 2 phases has been 

alculated. At room temperature, the values are very similar; 
oad assumed by the 1% in volume fraction of second phase 
s 58.62 MPa and 61.44 MPa, respectively, for the ZW61 alloy 

nd for the ZW61Ca alloy. Second-phase volume fraction pre- 
ails over their nature. At 100 °C, however, the load assumed 

y the second phase decreases, but it becomes higher for the 
lloy reinforced by the Mg 6 Zn 3 Ca 2 phase. Thus, the load as- 
umed by 1% in volume fraction of I-phase and Mg 6 Zn 3 Ca 2 
s 43.10 and 50.60 MPa, respectively. Despite the hardening 

ssociated with the volume fraction is still important, the na- 
ure of the phase tends to be more important. At 200 °C, the 
oad assumed by the I-phase is smaller than the applied load, 
hus the reinforcement effect of the I-phase is null. In the 
ase of Mg 6 Zn 3 Ca 2 the load assumed by 1% of this phase 
s 36 MPa. Therefore, the nature of the second phase prevails 
ver its volume fraction. 

. Discussion 

The tensile behaviour at room temperature of extruded 

W61 and ZW61Ca alloys were studied in a previous work 

19] . The strength of the alloys was analysed considering 
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Fig. 8. Histograms of the grain size distribution in the non-deformed area 
for ZW61 and ZW61Ca alloys at room temperature (RT), 200 and 300 °C. 
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Fig. 9. Histograms of the grain size distribution in the deformed area for 
ZW61 and ZW61Ca alloys at room temperature (RT), 200 and 300 °C. 
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hree main contributions: grain size, coarse second phases lo- 
ated at grain boundaries and fine precipitates within mag- 
esium grains. The grain size contribution calculated by the 
all–Petch equation and the strengthening due to fine pre- 

ipitates within magnesium grains, calculated according to 

rowan equation, are similar in both alloys. The hardening 

nduced by coarse second phases was greatest in ZW61Ca al- 
oy, since Vickers hardness of Mg 6 Zn 3 Ca 2 phase was superior 
o the I-phase [19 , 32] . Nevertheless, the yield stress at room 

emperature of ZW61 alloy was somewhat greater than that 
f the ZW61Ca alloy, mainly due to a greater presence of 
on-DRXed areas in the ternary alloy. These grains, highly 

riented with their basal planes parallel to the extrusion di- 
ection, prevent basal slip at room temperature, contributing 

o increase the yield stress of the alloy. However, the present 
tudy evidences that calcium addition improves noticeably the 
echanical properties of the ternary alloy in the temperature 

ange 100–300 °C ( Fig. 2 c). The analysis of hardening con- 
ributions at high temperature cannot be carried out following 

he same arguments as at room temperature, since the increase 
n the temperature introduce new considerations in the three 
ontributions described above. 

Grain size refinement could facilitate at high temperature 
he activation of grain boundary sliding (GBS) mechanism 

n magnesium alloy, which would result in a noticeable drop 

n the flow stress. Furthermore, the grain can grow during 

ensile testing by effect of temperature and /or strain. Thermal 
tability of the grain was evaluated after tensile testing on 

he head of the samples ( Fig. 8 ) as well as on the gauge
ength ( Fig. 9 ). Calculated values of the grain size are listed 

n Table 3 . The grain size in the head, i.e. non-deformed areas, 
beys a log-normal distribution in all cases. Compared with 
1056 
oom temperature results, the grain size at 200 °C does not 
row during tensile testing: 3.6 μm and 4 μm for ZW61 and 

W61Ca alloys, respectively, similar to the grain size in the 
s-extruded condition. However, at 300 °C, the grain size of 
W61 alloy experiences a moderate growth, with an average 
ize of 7.6 μm, while grain growth is lower for the ZW61Ca 
lloy, with an average size of 5.1 μm. 

According to the creep equation used to study the mech- 
nisms involved at high temperatures, there is a direct rela- 
ionship between the grain size and the flow stress [72] : 

˙  = A 

(
b 

d 

)p (GbD 

K T 

)(σ

G 

)n 
exp 

(−Q 

RT 

)
(5) 

here A is a material parameter, b is the Burgers vector, G 

s the shear modulus, D is the diffusion coefficient, σ is the 
pplied stress, d is the grain size, K is the Boltzmann’s con- 
tant, T is the temperature, Q is the creep-activation energy, 
 is the universal gas constant, p is a dimensionless constant 
nd n is the stress exponent. Thus, for a given strain rate, 
 smaller grain size implies lower stresses. At 200 °C, the 
rain size of ZW61Ca alloy remains smaller than the ternary 

W61 alloy, which would imply a decrease in the mechanical 
trength due to calcium addition. However, experimental data 
vidences the opposite behaviour; the ZW61Ca alloy exhibits 
igher yield stresses than ZW61 alloy ( Fig. 2 c). Therefore, the 
etter mechanical properties of the calcium containing alloy 

t 200 °C could not be attributed specifically to the hardening 

ontribution provided by the grain size. 
The contribution to the reinforcement of the alloy caused 

y the non-DRXed areas ( texture contribution ) is no longer 
s effective at high temperatures; not only because its vol- 
me fraction is reduced due to dynamic recrystallization dur- 
ng deformation, but also because, as mentioned above, at 
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Table 3 
Average grain size in the head (non-deformed areas) and the fracture (deformed areas) of the tensile samples for ZW61 and ZW61Ca alloys. 

T ( °C) ZW61 ZW61Ca 

GS Head ( μm) GS Fracture ( μm) GS Head ( μm) GS Fracture ( μm) 

RT 3.6 ±0.1 3.3 ±0.1 4.4 ±0.1 3.6 ±0.1 
200 3.6 ±0.1 2.5 ±0.1 4.0 ±0.1 1.5 ±0.1 
300 7.6 ±0.1 6.4 ±0.1 5.1 ±0.1 1.5 ±0.1 
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igh temperatures other slip systems such as non-basal 〈 a 〉 
nd pyramidal 〈 c + a 〉 slip systems could be more easily ac-
ivated. The addition of calcium decreases the critical re- 
olved shear stress (CRSS) of the prismatic slip and the ratio 

RSS( τ Prismatic / τBasal ) [73-75] . Moreover, as the temperature 
ncreases, CRRSs of non-basal slip systems decreases sig- 
ificantly. Therefore, grains with basal planes parallel to the 
xtrusion direction no longer contribute to reinforce the alloy. 

At this point, the improvement of the mechanical proper- 
ies at high temperature provided by calcium additions can- 
ot be explained neither by the grain size nor texture con- 
ributions. Therefore, the higher reinforcing capacity of the 

g 6 Zn 3 Ca 2 phase with respect to the I-phase, especially at 
00 °C, has to account for the yield stress difference between 

oth alloys. The Young’s modulus of I-phase and Mg 6 Zn 3 Ca 2 
re higher than that of magnesium, so second-phase particles 
an bear an additional load transferred from the magnesium 

atrix during plastic deformation. Some microstructural as- 
ects of both second phases, such as their thermal stability, 
eometry and size (aspect-ratio) should account for the higher 
einforcing capacity of Mg 6 Zn 3 Ca 2 particles with respect to 

hose of I-phase, especially at 200 °C. The melting temper- 
tures of the I- and Mg 6 Zn 3 Ca 2 phases are 450 [4 , 30 , 32 , 76]
nd 390 °C [32 , 77-78] , respectively. Thus, both second phases 
re thermally stable over the entire range of test tempera- 
ures. Additionally, both phases have a very good interface 
ith the magnesium matrix. It is well known, that I-phase 
as a quasiperiodic lattice structure that gives it interesting 

roperties such as a low interfacial energy and very good co- 
erence with the magnesium matrix [79] , which allows it to 

e closely linked with the magnesium even during severe de- 
ormation processes [80] . Similarly, Mg 6 Zn 3 Ca 2 phase, with 

 hexagonal structure has a strong matrix/particle interface 
hat enables to preserve good bonding during plastic defor- 

ation [81-83] . This fact is evidenced in the micrographs 
f Fig. 4 , where it can be observed that, for all temperature 
anges in the deformed regions, cavities hardly formed in ma- 
rix/particle interfaces, which is indicative of a good bonding 

etween magnesium and second-phase particles in both al- 
oys. 

Precisely the different morphology of I-phase and 

g 6 Zn 3 Ca 2 phases in the as-cast state prior to the extrusion 

tage accounts for the differences in the size of both phases in 

he extruded bars. Both-phases are present at the interdendritic 
egions in the as-cast ingots. However, there are differences 
n their morphology. In the case of ZW61 alloy, interdendritic 
egions are thin and discontinuous, mainly constituted by fine 
amellar Mg + I-phase eutectics, while a nearly continuous net- 
t

1057 
ork of Mg 6 Zn 3 Ca 2 locates at the interdendritic regions of 
s-cast ZW61Ca alloy [32] . During extrusion, the magnesium 

atrix transfers load into the second phases located at the 
nterdendritic regions until the stress exceeds a critical value 
t which second phases are broken. Fine lamellae of I-phase 
reak in very fine fragments, while the Mg 6 Zn 3 Ca 2 network 

eads to a mixture of fine and coarse particles. Fine particles 
rise from the thinnest part of the Mg 6 Zn 3 Ca 2 network, while 
oarse particles come from the thicker part of the network. 

The size (more specifically, the aspect-ratio) of second- 
hase particles is essential to understand the effectiveness 
f load transfer from the magnesium matrix to the second 

hases. According to a modified shear-lag theory [84] , the 
ontribution of the load transfer, when particles are aligned 

arallel to the applied stress, is done by the following equa- 
ion: 

σLT = σm 

. 

(
( L + t ) .A 

4L 

)
. f (6) 

here σ m 

is the stress in the matrix, L the particle length 

n the stress direction, t the particle diameter, A the particle 
spect ratio ( A = L/t ) and f is the volume fraction of second
hase particles. In the case of equiaxial particles the stress 
ontribution due to load transfer may be given by: 

σLT = σm 

. 

(
1 

2 

)
. f (7) 

From Eq.6 it is easy to see the influence of the aspect-ratio 

s well as the volume fraction of second phases on the load 

ransfer contribution �σ LT . Besides having a larger volume 
raction of second phases, the aspect ratio of Mg 6 Zn 3 Ca 2 is 
wo times higher that of the I-phase. Calculated values for I- 
hase and Mg 6 Zn 3 Ca 2 phase were 3 σ m 

and 7 σ m 

, respectively, 
o Mg 6 Zn 3 Ca 2 phase will be more effective as load transfer 
einforcement than I-phase. 

Based on the calculation of the internal stresses in the 
ourse of the compression tests, it is clear that second phases 
ssume an additional stress, which is transferred from the 
agnesium matrix. Furthermore, the nature, morphology and 

ize of the second phase determine the magnitude of the stress 
ransferred towards the second phase. Such stress is maxi- 
ized for the Mg 6 Zn 3 Ca 2 phase, disregarding the tempera- 

ure: up to 300 MPa at room temperature, 260 MPa at 100 °C 

nd 160 MPa at 200 °C. These values are much higher than 

hat found for the I-phase: 170 MPa and 41 MPa at RT and 

00 °C, respectively, while it does not bear additional stress at 
00 °C. These data clearly demonstrate that magnesium can 

ransfer more effectively stress towards the Mg 6 Zn 3 Ca 2 phase. 
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Above 200/250 °C, both alloys yield at very low stresses 
ut the ductility is considerably increased, with elonga- 
ions exceeding 100%. Usually, the maximum elongation is 
chieved at 300 °C, with elongations of about 300%. The mi- 
rostructural evolution during the plastic deformation feature 
esembles rather well with microstructural changes reported 

uring superplastic deformation of Mg–Ni–Y–RE alloys con- 
aining high volume fractions of second phases [85-87] . The 

echanism controlling the deformation is grain boundary slid- 
ng (GBS), which is not prevented for the ZW61Ca alloy for 
he presence of coarse particles. This indicates the occurrence 
f sliding not only between neighbour magnesium grains, but 
lso between the magnesium grains in contact with coarse 
g 6 Zn 3 Ca 2 particles. As deformation proceeds, dislocations 

re generated at both sides of the sliding interfaces. These 
islocations cannot be removed from the sliding interface in 

oarse particles, so concentration of stresses becomes enor- 
ous at local points of the interface, which leads to multiple 

racking of coarse particles. It is interesting to note that such 

racking takes place when the applied stress is very low (10–
5 MPa at 300 °C). Then, fine particles are redistributed in 

he magnesium matrix because GBS involves the rotation of 
agnesium grains [87] . 
Growth of magnesium grains in the course of the super- 

lastic regime can cause grain boundary sliding becoming not 
perative at local regions. There, cavities can be generated, 
hose coalescence can lead to the premature failure of the 
aterial. Since grain coarsening is accelerated at 350 °C, the 
aximum elongation is exhibited at 300 °C. 

. Conclusions 

The influence of calcium addition to the ternary Mg–6Zn–
Y alloy on the mechanical properties at high temperatures 
as been studied. The following conclusions can be drawn: 

- Small addition of calcium to the ternary Mg–6Zn–1Y al- 
loy noticeably improves the mechanical properties in the 
temperature range (100–300 °C). 

- In-situ synchrotron diffraction experiments have shown to 

be very useful to analyse the load partitioning between the 
second phases and the magnesium matrix. The aspect-ratio 

and the nature of second-phase particles, I-phase for ZW61 

alloy and Mg 6 Zn 3 Ca 2 for ZW61Ca alloy, determine the 
effectiveness of load transfer from the magnesium matrix 

to the second phases. The effect of second-phase volume 
fraction prevails at low temperatures but the nature of the 
second phases becomes more important as the temperature 
increases. 

- The stress assumed by Mg 6 Zn 3 Ca 2 particles is much higher 
than that by the I-phase. Moreover, the strengthening effect 
of Mg 6 Zn 3 Ca 2 extends up to 200 °C, while I–phase loses 
its reinforcing effect at 200 °C. 

- Above 200 °C the alloys behave superplastically through 

a complex mechanism which involves cracking of coarse 
second phase particles. Fine particles favour operation of 
grain boundary sliding mechanism through the rotation of 
1058 
magnesium grains, which results in an homogeneous dis- 
tribution of second phases in the magnesium matrix. 
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