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Abstract 

Mg-Zn-Zr (ZK) alloys exhibit notably high mechanical strength amongst all magnesium alloy grades. However, due to the formation of low 

melting point Mg 3 Zn 7 -precipitates, these alloys are susceptible to hot cracking, thus compromising their metallurgical processing. The addition 
of rare earths to ZK alloys is an alternative to form higher melting point intermetallic compounds, speed up dynamic recrystallization, refine 
grain size, enhance corrosion resistance and extend the service temperature due to improved creep resistance. This work deals with the effect 
of Ce-base mischmetal addition on the hot rolling behaviour of as-cast ZK60 alloy. The microstructure investigation conducted using electron 
microscopy and X-Ray diffraction shows that precipitation of Mg 7 Zn 3 intermetallics occur during hot rolling, whereas no further precipitation 
is observed for the ZK60-Mm alloys. The fragmentation of the intermetallic compounds occur during hot rolling and finer particles of Mg 7 Zn 3 
are observed for the ZK60, whereas Mg 7 Zn 3 and MgZn 2 Ce intermetallics are formed in the alloy modified with mischmetal addition. A 

higher fraction of dynamically recrystallized grains is observed for the ZK60-Mm in comparison to the ZK60. Continuous recrystallization 
takes place in ZK60 with the formation of sub-grains near to the intermetallics and the addition of mischmetal promotes the occurrence of 
discontinuous recrystallization with the nucleation of new grains close to the precipitates. The mechanical strength and, in particular, the 
ductility of the hot-rolled alloys are notably improved when compared to the same alloys in the as-cast condition. The mechanical strength 
is, however, higher for the ZK60 alloy. Less solid solution strengthening, softer MgZn 2 Ce intermetallics and more extensive recrystallization 
contribute to reduce the mechanical strength of ZK60-Mm. Failure in both alloys are initiated at coarse intermetallics and propagate through 
intermetallic-rich regions. 
© 2020 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
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 growing scarcity of renewable energy resources re-
uires a dramatic reduction in energy used for transporta-
ion. An alternative to diminish the energy consumption is
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s magnesium-base materials. Mg alloys are of great interest
or a variety of challenging applications which demand dis-
inguished mechanical performance, thermal conductivity and
amping capability [1] . Cost control is also of great tech-
ological relevance to pursue low cost but high performance
g alloys [2] . In this regard, ZK60 (Mg-6.0Zn-0.6Zr (wt.%))

lloy offers a good compromise between high strength, duc-
ility, and low manufacturing costs. 
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Fig. 1. Tensile specimens: a) software simulation and dimensioning accord- 
ing to ASTM E8M, b) specimen after machining, c) specimen with a layer 
of white AQUA lack and d) specimen with final preparation and detailing the 
surface where fine graphite particles were sprayed for strain determination. 
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Investigations regarding the effect of rare earths (RE) on
g alloys is extensive. The influence of rare earths on the
echanical properties and corrosion behaviour [3] of Mg-Al

lloy system has been reported. Mg alloys with RE addition
how potential for achieving improved strength and creep re-
istance compared with the AZ system and the most notable
lloys are based on the Mg-Gd, Mg-Gd-Y, Mg-Gd-Nd, and
g-Y-Nd systems [4–7] . Rare earths also notably enhance the

trength and creep resistance of Mg alloys [4–8] . The addi-
ion of lanthanides, Sc and Y to the Mg-Zn-Zr alloys modify
heir microstructure leading to enhanced room temperature
echanical strength [9] . Moreover, castability [10] as well as

levated temperature strength [11] can be improved owing to
he constitutional supercooling and thereby grain refinement
12] , which lead to enhanced ductility at room temperature
 13 , 14 ]. The formation of a discontinuous network of RE-
ontaining intermetallics along the grain boundaries has been
lso reported to improve the mechanical strength at room and
igh temperatures [11] . 

Conventional Mg alloys usually exhibit poor formability
t room temperature [15] , mainly due to the limited num-
er of slip systems available and twinning play a major role
s deformation mechanism. Forming, therefore, is normally
onducted at temperatures above 225 °C where the activation
f the non-basal slip system occurs, facilitating dislocation
lip, improving the formability [16] . Furthermore, RE addi-
ion weakens the basal texture ( < 0001 > // ND) in wrought
lloys [17–25] , thus material formability can be notably en-
anced [26] . The orientation spread of the basal planes is
roader towards the sheet transverse direction (TD) and re-
rystallization appears as the main mechanism causing weak
exture in RE-containing wrought Mg alloys. 

Due to the high costs associated with RE alloying, mix-
ures of rare earths, such as Ce-base Mischmetal (Ce-Mm),
re an attractive alternative. Cerium is the main constituent
f the Ce-Mm with a typical weight fraction of ∼ 50–75%,
ollowed by lanthanum as the second main chemical element.
he addition of Mm lead to the formation of intermetallics

hat can be fragmented into finer particles during hot rolling,
nd act as nucleation sites for recrystallization, thus playing
n important role as particle-stimulated nucleation (PSN) [26] .

The aim of this work is hence to clarify the influence
f Ce-base Mischmetal on the hot rolling behaviour of ZK60
lloy regarding the microstructure formation and the resulting
echanical properties at room temperature. 

. Experimental 

.1. Materials and processing 

Two as-cast Mg alloys, named as ZK60 (Mg-6.0Zn-0.6Zr
wt.%)) and ZK60-Mm (Mg-6.0Zn-0.6Zr-1.5Mm (wt.%)),
ere hot rolled at 315 °C and 345 °C, respectively [26] . Ce-
ase mischmetal used to cast the ZK60-Mm alloy had the
ollowing chemical composition: 55% wt. Ce, 24% wt. La,
6% wt. Nd, 5% wt. Pr. The initial thickness of the plates
or ZK60 and ZK60-Mm were 15 mm and 17.65 mm, respec-
ively. Passes of 2.5% were performed up to a strain of 50%,
ollowed by two final passes of 15%, thus reaching a to-
al strain of 65%. Initially, the plates were homogenized at
he rolling temperature for 30 min. An inter-pass annealing
f 20 min was conducted and immediately after the last pass
he plates were water quenched. The hot rolling process was
onducted in normal atmosphere. 

Samples from the transversal direction (TD) and rolling
irection (RD) were cut from the rolled plates. Conventional
etallography was carried out by grinding using SiC papers

rom grid 800 to grid 4000. The specimens were polished
fterwards using an OPS suspension and 1 μm diamond so-
ution, followed by a final polishing step of ∼20 s using OPS
uspension. 

.2. Material characterization 

Tensile testing was performed using a TesTWinner 922,
esT GmbH, Germany. A strain rate of 0.074 mm/min was
sed. Local deformation analysis was carried through the
IKON D7000 camera and the data was analysed by the
RAMIS software. An image acquisition of one every 10 s
as used during tensile testing. Fig. 1 displays the size and

hape of tensile specimens. 
Fractography and microstructural analysis were performed

sing a FEI Inspect FL50, ThermoFisher, USA and an Ultra
5, ZEISS GmbH, Germany scanning electron microscopes
SEM) equipped with a field emission gun (FEG-SEM), an
xford Electron Backscattered Diffraction (EBSD) detector

nd an Energy Dispersive X-Ray Spectroscopy (EDXS) sys-
em. The accelerating voltage was 15 kV and the EBSD results
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Fig. 2. Phase identification for the ZK60 alloy: a) Diffractogram after the second pass after rolling with the indicated phases and crystallographic planes as 
well as the result of the Rietveld refinement; b) evolution of phase volume fractions during hot rolling with respect to the accumulated reduction. 

Fig. 3. SEM-SE micrographs of the alloys after 30 min homogenization at the rolling temperature: a) as-cast ZK60 and b) as-cast ZK60-Mm. 
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ere evaluated using Oxford’s Channel 5 software, Oxford
nstruments, UK. 

X-ray diffraction (XRD) was conducted using a PANalyt-
cal MRD-XL diffractometer, Malvern Panalytical, UK, with
o-K α radiation. The diffractograms were measured in the 2 θ

nterval from 5 ° to 100 ° with a step of 0.05 ° The acquisition
ime of 10 s and a beam of 4 ×4 mm 

2 were used. The tested
pecimens were extracted from the plates after every rolling
ass to evaluate the phase and microstructure evolution during
ot-rolling. 

MAUD 

R © software [27] was used for Rietveld refinement
f measured X-ray diffractograms after each rolling pass
n the sample cross-sections perpendicular to the rolling
irection (RD). α-Mg, Mg 7 Zn 3 [28] , MgZn 2 Ce and Zn 2 Zr
26] were the considered indexed phases. The anisotropic
opa model [29] was used for the determination of crystallite
ize and microstrain. March-Dollase model [30] was applied
o simulate the texture components along the RD. Further-
ore, the full width at half maximum (FWHM) was deter-
ined for the diffraction lines of the basal, prismatic and

yramidal lattice planes using the software PeakFit R ©. The
WHM values were additionally normalized with respect to

heir maximum value for each investigated alloy. 
. Results and discussion 

.1. Microstructure 

Figs. 2 and 4 show the diffractograms obtained in the RD
irection of the rolled plates and the phase volume fractions
btained from the Rietveld refinements for the ZK60 and
he ZK60-Mm, respectively. A selected Rietveld refinement
or the ZK60 alloy is shown in Fig. 2 a and the measured
hase fractions are: 93,07% of α-Mg, 4,95% of Mg 7 Zn 3 and
,98% of Zn 2 Zr. In addition, Fig. 2 b shows the evolution of
hase fractions for different accumulated reductions. The in-
rease in volume fraction of the Zn-containing intermetallic
ompounds in ZK60 is attributed to the simultaneous forma-
ion and growth of the present intermetallic compounds in
he as-cast microstructure. That process is attributed to the
xistence of zones of supersaturated solid solution (SSSS)
n the as-cast microstructure after homogenization, promoting
rowth of the already present intermetallic compounds due to
n intake as well as the nucleation and growth of new in-

ermetallic compound particles. The homogenization and so-
ution treatments for ZK60 alloys were shown to be incom-
lete in [31–32] . Fig. 3 compares the microstructures of ZK60
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Fig. 4. Phase identification for ZK60-Mm alloy: a) Diffractogram after the second pass after rolling with the indicated phases and crystallographic planes as 
well as the result of the Rietveld refinement; b) evolution of phase volume fractions during hot rolling with respect to the accumulated reduction. 
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nd ZK60-Mm after 30 min homogenization at the rolling
emperature. 

Fig. 4 a illustrates a selected Rietveld refinement for ZK60-
m, and after the second rolling pass, the identified phases

nd measured volume fractions are: 91.60% of α-Mg, 5.66%
f Mg 7 Zn 3 , 1.72% of MgZn 2 Ce and 1.02% of Zn 2 Zr. Fig. 4 b
xhibits the phase evolution during hot rolling, obtained from
he Rietveld refinements. There is no notable change in vol-
me fraction for the identified phases, indicating that there
s no SSSS region in the as-cast microstructure of the ZK60
lloy modified with mischmetal that can promote the coarsen-
ng of the intermetallic compounds or nucleation and growth
f new particles. Fig. 3 b corroborates that the α-Mg ma-
rix in ZK60-Mm is not supersaturated after 30 min homog-
nization. Both, the formation of stable intermetallic com-
ounds at the rolling temperature and lower Zn content within
he α-Mg matrix due to the Zn intake to form intermetal-
ic compounds containing cerium, can explain the negligible
hange in phase fraction for the ZK60-Mm alloy. It also in-
icates that at 345 °C there is no dissolution of intermetal-
ic compounds for ZK60-Mm owing to the higher formation
emperature of the RE-containing intermetallics, thus reveal-
ng a more thermally stable microstructure in comparison to
K60. 

Figs. 5 and 6 shows the microstructure of the as-cast ZK60
nd ZK60-Mm alloys, respectively. ZK60 exhibits a grain size
f ∼150 μm and ZK60-Mm of ∼125 μm [34] . As shown
n Fig. 5 (EDS spot analyses), ZK60 exhibits a continuous
etwork of intermetallic compounds of Mg 7 Zn 3 along the
rain boundaries. The network of intermetallic compounds is
ainly located along the grain boundaries and also partially

istributed along the dendritic arms, consisting of a typical as-
ast microstructure. In addition, disperse Zn 2 Zr particles are
bserved within the α-Mg matrix, as shown in Fig. 5 and in-
icated on the EDS line scan, whereas chemical segregations
re observed within the ZK60 grains. Higher concentration of
olid solution elements is verified in the vicinity of the inter-
etallic compounds as a result of the segregation of heavy
ubstitutional elements during accelerated solidification that is
aused by Permanent Mould Indirect Chill Casting (PMICC)
ith a progressive immersion of the crucible into a reservoir

ontaining water at room temperature [ 33 , 34 ]. The regions
ith higher concentration of alloying elements within solid

olution are the source of Zn and Zr for the coarsening or
recipitation of intermetallic compounds during hot rolling,
n agreement with the increasing volume fraction of the in-
ermetallic compounds in ZK60 verified in the XRD analyses,
ig. 2 b. 

The formation of low melting point intermetallic com-
ounds in Mg-Zn-Zr and Mg-Zn-RE alloys is well-known
35] . The addition of RE to the ZK magnesium alloys pro-
otes the formation of a larger volume fraction of intermetal-

ic compounds due to the high chemical affinity between Zn,
r and RE elements [36] . The typical microstructure of ZK60-
m is shown in Fig. 6 . A denser network of intermetallic

ompounds along the grain boundaries is observed and the
hemical segregation of solid solution elements is less pro-
ounced in comparison to the ZK60 alloy ( Fig. 3 b). The major
ntermetallic phase is MgZn 2 Ce and smaller volume fractions
f discrete Mg 7 Zn 3 and Zn 2 Zr particles are present. The dis-
ribution of the chemical elements present in the alloy can be
een in the EDS maps shown in Fig. 6 . 

Fig. 7 shows the typical hot-rolled microstructure of the
nvestigated alloys after 65% reduction. In both, ZK60 and
K60-Mm alloys, the intermetallic compounds were elon-
ated along the rolling direction and compressed along the
ormal direction, indicating they also deformed plastically
uring rolling. The intermetallic compounds are harder than
he α-Mg matrix, thus plastic strain is concentrated within the
-Mg matrix. Additionally, the intermetallic compounds in the
K60 alloy appear orientated nearly parallel to the rolling di-

ection, while the network of intermetallic compounds was
ess modified in the of ZK60-Mm alloy. This indicates that
he increased intermetallic fraction verified in the ZK60-Mm
lloy is able to hamper the reorientation of the intermetallic
etwork during hot working. 
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Fig. 5. SEM-SE micrographs of the as-cast ZK60 alloy with EDS line scan and spot analyses to identify intermetallics. 

Fig. 6. SEM-SE micrographs of the as-cast ZK60-Mm alloy with EDS maps to identify intermetallics. 
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As a further result of plastic deformation, the intermetallic
ompounds of ZK60 were fragmented into small particles of
1–2 μm, Fig. 7 b. Additionally, small precipitates grown in

he vicinity of grain boundaries are also observed. In contrast,
he increased fraction of precipitates in ZK60-Mm hinders the
ragmentation of the intermetallic network, thus causing the
ccurrence of larger particles of ∼5 μm, Fig. 7 d. Moreover,
ne intermetallics do not grow near the grain boundaries af-

er hot rolling of the ZK60-Mm alloy, thus corroborating the
RD results that suggest the absence of SSSS after adding
ischmetal. Micro-cracks are also initiated in the ZK60-Mm

lloy through the intermetallics and along the interface with
he α-Mg matrix. Thus, the micro-cracks are a result of higher
tress peaks that occur in ZK60-Mm owing to its more ex-
ensive and partially continuous network of intermetallics as
ell as its coarser size of precipitates and low ductility. 
The broadening of a diffraction line is caused by the com-

ination of the effects of crystallite size and micro-strains as-
ociated to structural defects, such as solute atoms, stacking
aults and dislocations [37] . The increase in peak broadening
s caused by the reduction in crystallite size and/or increase
f micro-strains into the lattice structure [ 38 , 39 ]. Therefore,
he evolution of the full width at half maximum (FWHM) of
he diffraction lines can be used as a qualitative parameter to
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Fig. 7. SEM-SE micrographs of the hot-rolled alloys after 65% reduction: a,b) ZK60; c,d) ZK60-Mm. 

Fig. 8. Normalized FWHM as a function of the accumulated reduction during hot rolling for: a) ZK60; b) ZK60-Mm. 

a  

a  

c  

r
 

t  

d  

d  

t  

i  

d  

T  

Z  

u  

a  

c  

F  

p  

w  

l  

T  

o  

a  

e
 

d  

i  

p  

s  

l  
ccompany the microstructure evolution during hot rolling. In
ddition, Moore e Evans [40] also showed that the FWHM
an indirectly be correlated to the stored energy in the mate-
ial due to plastic deformation [40–43] . 

Fig. 8 shows the evolution of the normalized FWHM of
he diffraction lines coming from basal, prismatic and pyrami-
al lattice planes with respect to the accumulated deformation
uring hot rolling. Higher values of FWHM are observed for
he ZK60, Fig. 8 a. Moreover, the values mostly increase with
ncreasing accumulated deformation, although an initial re-
uction of FWHM is verified for the (100) diffraction line.
his slight decrease in FWHM during the first rolling steps of
K60 is related to the removal of Zn solute from the supersat-
rated α-Mg matrix, which causes decreasing lattice distortion
nd further precipitation of Mg 7 Zn 3 intermetallics with in-
reasing rolling steps, as revealed by the Rietveld analyses in
ig. 2 b. For the ZK60-Mm the values of FWHM for the basal
lane (002) increase only during the initial passes, Fig. 8 b,
hereas for the diffraction lines of prismatic and pyramidal

attice planes a continuous decrease of FWHM is verified.
he steep increase in FWHM during the first rolling steps
f ZK60-Mm is attributed to increasing lattice defects, such
s dislocations, twins and stacking faults that demand longer
xposure to the rolling temperature to be fully restored. 

Starting from an as-cast microstructure, the increase in
islocation density associated with the rapid work harden-
ng increases the stored energy in the material. At high tem-
eratures, the occurrence of dynamic recovery can lead to a
aturation at the stored energy. However, for materials with
ow to intermediate stacking fault energy, such as magnesium
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Fig. 9. Inverse pole figure (IPF) maps for the α-Mg matrix of the hot-rolled alloys: a) ZK60; c) ZK60-Mm. Boundaries of misorientation angle > 15 ° are 
marked in black and between 2 ° and 15 ° in white. The arrows “A”, “B” and “C” indicate profiles of misorientation angle that are shown in Fig. 7 . Kernel 
Average Misorientation (KAM) maps for the hot-rolled alloys: b) ZK60; d) ZK60-Mm. 
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lloys, the role of dynamic recovery is less pronounced in
omparison to metallic alloys with high stacking fault energy
44] , thus an increase in stored energy with increase in de-
ormation can be observed. At high temperatures, continuous
nd/or discontinuous dynamic recrystallization can occur, re-
ucing the stored energy in the material [45] . Additionally,
winning and stacking fault formation can take place in mag-
esium and its alloys, thus contributing to the increase in
tored energy [46] . Static recovery and static recrystallization
re also active restoration mechanisms during annealing, such
s for the inter-passes during the rolling of the investigated
lloy. Therefore, for the ZK60 alloy, the progressive increase
n FHWM with ongoing rolling steps can be correlated to
he progressive increase in stored energy with the accumu-
ated rolling reduction. On the other hand, for the ZK60-Mm,
he initial increase followed by a slightly decrease in FWHM
an indicate the occurrence of dynamic recrystallization dur-
ng deformation as well as static recrystallization during the
nter-passes annealing for this alloy as restoration mechanisms
educing the stored energy. 

Figs. 9 (a,c) exhibit the inverse pole figures (IPF) maps
or the ZK60 and ZK60-Mm, respectively. The microstruc-
ure is notably heterogeneous, with regions of fine grains in
he vicinity of the intermetallic compounds and regions with
igh misorientation spreading within larger grains. The black
oundaries indicate the high angle grain boundaries (misorien-
ation angle > 15 °) while the white boundaries, the low angle
rain boundaries (misorientation angle < 15 °). For the ZK60
he density of low angle grain boundaries is larger compared
ith the ZK60-Mm. Moreover, the amount of fine grains in

he vicinity of the intermetallic compounds is larger for the
K60 compared with the ZK60-Mm. 

Additionally, Figs. 9 (b,d) show the Kernel Average Mis-
rientation Angle (KAM) maps for the ZK60 and ZK60-Mm,
espectively. The density of the low angle grain boundaries
nd their level or organization can be inferred by a KAM
ap. Well-organized low angle grain boundaries can be ob-

erved as sharp KAM boundaries, while a more diffuse dis-
ribution of KAM in a low angle grain boundary indicates
 more disorganized arrangement of dislocations forming the
ow angle grain boundary. The level of organization of a sub-
rain boundary can also be correlated to the role of recovery.
f the dislocations can be easily rearranged into sharp low
ngle grain boundaries, an extended role of recovery can be
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nferred. Therefore, KAM indicates qualitatively the stored
nergy in a microstructure. Higher values of KAM corre-
pond to higher stored energy. ZK60 exhibits a heteroge-
ous distribution of KAM, where zones of fine sub-grains
s well as deformed and elongated magnesium grains. On
he other hand, the density of KAM for the ZK60-Mm is
maller and is more homogeneous distributed, indicating that
he role of recrystallization on the microstructure formation
s more pronounced for the ZK60-Mm in comparison to the
K60. 

During hot working [47] , discontinuous dynamic recrystal-
ization is frequently observed for materials with low stacking
ault energy, where the nucleation of new strain-free grains
akes place and the recrystallized nuclei grow at the expense
f distorted regions with high dislocation densities. Cell or
ub-grain structures associated with the formation of low an-
le grain boundaries are verified during deformation of mate-
ials with high stacking fault energy due to the elevated mo-
ility of screw dislocations and therefore efficient dynamic
ecovery. Those sub-grain structures progressively evolve into
igh angle grain boundaries at larger deformations, thus char-
cterizing the so-called continuous dynamic recrystallization. 

Particle stimulated nucleation (PSN) of recrystallization
uclei appears as an important restoration mechanism in both
lloys, as indicated by red dashed circles in Figs. 9 (a,c). How-
ver, continuous recrystallization seems to occur in ZK60 with
he polygonization of dislocation structures near to the inter-

etallics (non-indexed areas). In ZK60-Mm small new grains
re nucleated close to the precipitates indicating the occur-
ence of discontinuous recrystallization. 

The presence of grains with low misorientation spread and
ow density of low angle grain boundaries suggest that they
ere formed by recrystallization, either static or dynamic. In

he case of hot rolling process applied to the investigated al-
oys, the static recrystallization can occur during the interpass
nnealing and the dynamic recrystallization during hot rolling.
ig. 10 shows the misorientation angle profile with respect to

he point of origin for the indicated lines “A”, “B” and “C”
n Fig. 9 (a,c). The high angle grain boundaries are indicated
y the blue arrows while the low angle grain boundary by
he green ones. Additionally, grains with large misorientation
pread are indicated by the dashed black ellipses. The forma-
ion of low angle grain boundaries shows that recovery played
n important role during the hot rolling of the investigated al-
oys. In Fig. 10 a the misorientation angle between sub-grains
s in the range of 5–10 ° as indicated by the green arrows. The
isorientation spread observed within a grain and sub-grains

ndicate that the produced dislocations did not have sufficient
ime to be reorganized into sharp low angle grain boundaries.

Therefore, the misorientation angle profile for the ZK60
lloy ( Fig. 10 (a,b)) exhibits two clearly different tendencies: 

I: regions with notable low misorientation angle spread
within a grain and with a large misorientation angle
with respect to the neighbouring grains; 

II: regions with large misorientation angle spread. 
Region I corresponds to a recrystallized microstructure
ormed during the process, while region II is related to a
eformed microstructure where the low angle grain bound-
ries are formed via static or dynamic recovery. ZK60 and
K60-Mm exhibit both regions and it is notable that region
 is located in the vicinity of intermetallic compounds, while
egion II is located within the grains, especially within large
nes. The volume region of region I is higher for the ZK60-
m compared with the ZK60. The higher rolling temperature

romotes increase the mobility of high angle grain bound-
ries as well as the recrystallization kinetics, either static
r dynamic. The formation of a substructure due to recov-
ry as indicated in region II shows a partially recrystallized
icrostructure. The stored energy for recrystallization is the

islocation density accumulated during deformation. Higher
emperatures lead to higher activity of recovery, as well as
t promotes recrystallization. Therefore, the higher tempera-
ures of rolling for the ZK60-Mm seem to have promoted
ecrystallization, either static and/or dynamic. However, it is
ot possible to distinguish between static and dynamic re-
rystallization in the observed microstructure. Moreover, the
rogressive increase in boundary misorientation during hot
eformation [48] as the main mechanism of continuous dy-
amic recrystallization [49] . are also reported to occur dur-
ng hot rolling of ZK60 [50] . However, the heterogeneous
istribution of stresses [51] and the limited role of dynamic
ecovery [52] limits the occurrence of continuous dynamic re-
rystallization during hot deformation, and its role seem not
o be pronounced for the investigated alloys. 

The misorientation angle notably higher than 15 ° indicates
hat those boundaries are either already existing high angle
rain boundaries prior to deformation, or they are formed due
o static [51] , discontinuous dynamic recrystallization [53] or
ontinuous dynamic recrystallization [49] . The presence of
ecrystallized regions in the vicinity of the intermetallic com-
ounds suggests that the production and pile-up of disloca-
ions are higher in those regions during deformation and can
e attributed due to the load partitioning between intermetal-
ic compound and α-Mg matrix. Moreover, the dislocation
ultiplication is larger in the vicinity of the grain boundaries

54] , as well as in the softer phase in the vicinity of interfaces
ith a harder phase [55] increasing the dislocation densities

n those regions. Therefore, the accumulation of dislocations
n the vicinity of intermetallic compounds can lead to particle-
timulated nucleation, as reported for Mg-Mn alloys [56] and
ther Mg alloys [ 57 , 58 ]. 

.2. Mechanical properties 

The mechanical properties of the hot-rolled alloys at room
emperate were assessed by tensile testing, as shown in
ig. 11 . The ZK60 alloy exhibits superior properties in com-
arison to the ZK60-Mm alloy, with a maximum strength
11% higher and a yield stress ∼ 26% higher than the ZK60-
m. The mechanical properties for each alloy are listed in

able 1 . The yield stress values of ZK60 and ZK60-Mm are
69 and 199 MPa, respectively, and ∼ 43% higher than those
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Fig. 10. Misorientation angle profiles highlighted in Fig. 6 for: a,b) ZK60 and c) ZK60-Mm. Blue and green arrows indicate the high and low angle grain 
boundaries, respectively. The dashed black ellipses indicate a grain/sub-grain with notable misorientation spread. 

Fig. 11. Engineering stress vs. strain curves of the hot-rolled alloys, obtained 
by room temperature tensile tests with local deformation analysis carried out 
using the ARAMIS software. 

Table 1 
Mechanical properties obtained from the tensile testing of the hot-rolled al- 
loys. 

Material σ max (MPa) σ r (MPa) σ e (MPa) Elongation (%) 

ZK60 332 326 269 10.1 
ZK60-Mm 294 292 199 11.5 
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xhibited for the same alloys in the as-cast condition [34] . Hot
olling of the investigated alloys also increased their elonga-
ion to fracture, in particular for the ZK60-Mm alloy, with
n elongation of 11.5%, which is approximately 82% higher
han that exhibited for the same alloy in the as-cast condition
34] . 

The mechanical behaviour of the hot-rolled alloy with mis-
hmetal addition is not obvious and can be attributed to dif-
erent issues. First, the solid solution strengthening of the
-Mg matrix diminishes since the mischmetal causes the pre-
ipitation of MgZn 2 Ce intermetallics, thus removing Zn from
olid solution. Second, it was verified in [34] that Mg 7 Zn 3 

recipitates are harder than MgZn 2 Ce. Finally, XRD anal-
ses revealed that ZK60 undergoes strain hardening during
ot rolling, whereas recrystallization is expressive for ZK60-
m, thus leading to material softening. Those mechanisms

romote therefore lower mechanical strength and enhanced
uctility in the ZK60-Mm alloy. Despite lower mechanical
trength, MgZn 2 Ce intermetallics have higher melting point
han Mg 7 Zn 3 . Along with a better ductility, this implies in a
etter hot workability and weldability of ZK60-Mm if com-
ared to ZK60. 

The simulated cross-sectional images of tensile specimens
sing the Aramis software shows the strain distribution at
he maximum strength of each hot-rolled alloy, as shown in
he inserts in Fig. 11 . The strain concentration is more pro-
ounced for the ZK60-Mm alloy in comparison to the ZK60
lloy. This contributes to decrease the maximum strength
chived for the ZK60-Mm alloy. The occurrence of a coarser
ize of broken intermetallics after hot rolling, as verified in
ig. 7 d, as well as the more extensive and partially continuous
etwork of precipitates in ZK60-Mm leads to the localization
f deformation, which thus nucleate earlier cracks within the
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Fig. 12. Secondary electrons (SEM-SE) images of the cross section of the fractured specimens after tensile testing: a), b) ZK60; c), d) ZK60-Mm. 

Fig. 13. Secondary electrons (SEM-SE) images of the fracture surface of the rolled alloy after tensile testing; a) ZK60 and b) ZK60-Mm. 
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ntermetallic compounds and at their interfaces with the α-
g matrix and slightly decrease the mechanical strength, as

lready observed for the castings [34] . 
Fig. 12 shows that in both alloys the fracture propagated

hrough the network of the intermetallic compounds, and
tarted at the interfaces between intermetallics and with the
-Mg matrix, as shown in Fig. 12 (b,d). The smaller and
etter distributed the intermetallic particles are, the lower the
train concentration and the lower the probability to nucle-
te and grow a micro-crack through the intermetallic com-
ounds. Hence, a more continuous network of intermetallic
ompounds along with greater strain concentration speed up
he crack propagation across the ZK60-Mm alloy, thus caus-
ng its embrittlement in despite of having lower mechanical
trength. 

Fig. 13 shows the fracture surfaces of the tensile tested
pecimens. The ZK60 alloy, Fig. 13 a, presents a more ductile
ype of fracture with the formation of dimples, in this case at
n angle of 40 ° to 50 ° with respect to the fractured surface.
egions with intermetallic particles are also present. The pre-
ipitates appear once again on the fracture surfaces clearly
ner in ZK60 than in the alloy with mischmetal addition. A
ixed fracture profile is observed for the ZK60-Mm alloy,
ig. 12 b. Ductile fracture with the formation of dimples is
bserved within the α-Mg matrix, whereas brittle fracture via
leavage is verified along the coarser intermetallic compounds
n ZK60-Mm. 

. Conclusions 

The present work dealt with the effect of Ce-base mis-
hmetal addition on the microstructure formation and the
esulting mechanical properties of hot-rolled ZK60 alloy at
oom temperature. Scanning electron microscopy coupled
ith electron backscattered diffraction, X-ray diffraction, Ri-

tveld simulations and tensile testing combined with image
orrelation allowed to draw the following conclusions: 

• The proposed hot rolling routes allowed for the complete
modification of the solidification microstructure in both al-
loys and promoted much better mechanical strength and
elongation to fracture in comparison to the castings. 
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• The addition of Ce-base mischmetal led to increased re-
crystallized fractions in the ZK60-Mm alloy and parti-
cle stimulated nucleation of recrystallization nuclei ap-
pear as an important restoration mechanism. Under the
hot rolling conditions investigated, discontinuous recrys-
tallization seems to take place in ZK60-Mm, whereas con-
tinuous recrystallization appears to be the main restoration
mechanism in ZK60 with the formation of small sub-grains
close to the intermetallics. However, further investigations
are required to systematically accompany the evolution of
restoration mechanisms as a function of the strain rate and
to determine more precisely the role of the alloying el-
ements and precipitates in the dynamic restoration pro-
cesses. 
• Less solid solution strengthening, softer MgZn 2 Ce inter-

metallics and more extensive recrystallization caused lower
mechanical strength and increased ductility in the ZK60-
Mm alloy. 
• Strain concentration and embrittlement are more pro-

nounced after mischmetal addition in despite of lower me-
chanical strength owing to the formation of coarser pre-
cipitates after hot rolling and the existence of a partially
continuous network of intermetallics. 
• During tensile testing, cracking initiates in the re-

gions with coarser precipitates and propagates throughout
intermetallic-rich zones. 
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