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Abstract 

The microstructure and mechanical properties of butt-joints produced by linear friction stir welding of similar plates of as-cast ZK60 and 
modified ZK60 with 1.5 wt.% RE (ZK60–1.5RE) are investigated. The thermomechanical affected zone is investigated in both advancing and 
retrieving sides, and the microstructure is compared to the base metal and the stirred zone. Electron backscattered diffraction measurements 
provide the average microstructural features of the transformed microstructure. The mechanical properties are assessed using hardness, tensile 
testing, and surface residual stress measured using X-ray diffraction. Higher torque and heat input are obtained for the ZK60–1.5RE compared 
to the ZK60. The thermomechanical affected zone is notably larger for the ZK60 compared to the ZK60–1.5RE. A gradient microstructure 
is formed in thermomechanical affected zones where deformed grains are progressively more recrystallised towards the stirred zone. There 
is no visible interface between the thermomechanical affected zone and the stirred zone. A fine and partially recrystallised microstructure 
is formed in the stirred zone. The retrieving side of the ZK60–1.5RE has a slightly more refined microstructure compared to the other 
investigated zones. Anisotropy measured with increment in the maximum intensity of the (0001) increases towards to stirred zone. The 
formed microstructure is correlated with the role of twinning, recovery, static, and dynamic recrystallisation that can occur during friction 
stir welding. Twinning and grains with large misorientation spread are more pronounced in the thermomechanical affected zone and regions 
towards the base metal. Sharp low angle grain boundaries are observed towards the stirred zone. From refined recrystallised grains decorating 
the grain in the thermomechanical affected zone, a mosaic-like of low and high angle grain boundaries are observed in the stirred zone. The 
joints have comparable surface residual stresses. The friction stir welding improved the ductility and strength of the as-cast ZK60–1.5RE 

alloy since the tensile samples fractured in the BM. 
© 2021 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/ ) 
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estoration mechanisms depend on the deformation conditions
 3 , 4 ]. Dynamic recrystallisation (DRX) associated with de-
ormation twinning, basal slip, and ( a + c ) dislocation glide
ccurs below 200 °C [4] . Continuous dynamic recrystallisa-
ion (CDRX) occurs at intermediate temperatures (between
00 °C to 250 °C) due to extensive cross-slip [ 3 , 4 ]. For tem-
eratures higher than 250 °C, DRX occurred via bulging of
rain boundaries and sub-grain growth, i.e., discontinuous dy-
amic recrystallisation (DDRX) [4–6] . Complementary, Wu
t al. [7] concluded that ZK60 forms twins with high dislo-
ation density divide the parent grains, followed by disloca-
ion arrays and low-angle grain boundaries within the twins
o DDRX at higher strains. The addition of Ce to the ZK60
eads to enhancement of DRX by particle stimulated nucle-
tion at Mg-Zn-Ce particles [8–10] . Moreover, the Ce addition
eakened the basal fibre texture. 
Friction stir welding (FSW) has shown to be a promis-

ng technique for similar and dissimilar joints of magnesium
lloys [11–13] . FSW is regarded as a solid-state joining pro-
ess, and due to the hot plastic deformation, a fine-grained
tructure is produced [14–17] . The impact of the corrosion
esistance of joints of magnesium alloys produced by FSW
s not straightforward. Dispersion of second phases (mainly

g 17 Al 12 in AZ alloys) can decrease the corrosion resistance
 18 , 19 ]. However, the formation of a recrystallised and homo-
eneous α-matrix [ 20 , 21 ], and formation of specific texture
22] can enhance the corrosion resistance of the FSW joints
n comparison to the base metal (BM). The creep behaviour
f joints of AE42 produced via FSW improved compared
o the as-cast BM due to the refinement of the microstruc-
ure and dispersion of fine intermetallic compounds pinning
he grain boundaries [23] . The fatigue properties were inves-
igated [ 24 , 25 ] and are strongly correlated to microstructural
eatures (grain size, twinning fraction, recrystallisation grade),
nd the micro and macro texture obtained at the nugget as
ell as in the thermomechanical affected zone (TMAZ) [26] .
herefore several attempts on controlling the evolved texture
ave been investigated [ 26 , 27 ], and the formation of a weak
exture is beneficial for joint performance. Larger but recrys-
allised grains seem to increase the elongation of the FSWed
oints [28] . However, understanding the correlation between
rocessing parameters and microstructure formation requires
urther investigation. 

Liu et al. [29] investigated in detail the evolution of the
icrostructure of an FSW joint of AZ31 magnesium alloy

or a wide range of welding conditions and due to the for-
ation of a strong {0001} < u w t v > B -fibre texture, the

ontrolling of the grain structure is limited. Complex restora-
ions mechanism plays a role in the microstructure formation
n FSW [30] , and they are directly correlated to the thermo-
echanical behaviour of the material [4] . Despite the inten-

ive research on the characterisation of the produced joints
nd its properties [31] , there is the need to understand better
he complex interaction of the deformation mechanisms and
he microstructure modification of ZK60 alloys during FSW.
hus, it can provide the necessary insights to tune the mi-
rostructure and consequently, the mechanical properties of
he FSW joints. among high strength magnesium alloys, the
K60 (Mg-6.0Zn-0.6Zr (wt.%)) alloy offers a good compro-
ise between high strength and ductility requirements and

ow cost in production. Investigations on the effect of RE ad-
ition on Mg alloys are extensive and Mg alloys with rare
arth (RE) addition show potential for achieving improved
trength and creep resistance compared with the AZ system
32–34] . Besides, enhanced room temperature tensile strength
nd ductility at room temperature [ 35 , 36 ], are reported. Mag-
esium alloys based on RE additions exhibited a fully recrys-
allised microstructure with weak texture after friction stir
rocessing (a derived technique from FSW) [37] , a notable
mprovement in texture microstructure control in comparison
o other magnesium alloys. 

This work aims to: a) establish microstructure modification
echanisms during FSW of ZK60; b) find the influence of Ce

n the microstructure formation during FSW of a ZK60 mod-
fied with 1.5 wt.% mischmetal based on Ce (hereon named
K60–1.5RE). Despite generally being wrought alloys, the
odified ZK60 alloys are investigated in the as-cast state to

rovide a non-deformed BM as the baseline for comparing
he microstructural changes during FSW. The microstructure
f the two similar joints is systematically investigated and
orrelated to the room temperature mechanical properties. 

. Experimental procedures 

Plates of as-cast ZK60 and ZK60–1.5RE alloys were
roduced according to the processing route described in
 9 , 38 , 39 ], and similar joints were produced using linear fric-
ion stir welding (FSW). 

.1. Linear friction stir welding (FSW) 

An RM1 FSW machine was used to perform the linear
SW. The welded plates had 5.4 mm in thickness and 200 mm

n length. AISI H13 steel tool with a 3 ° concave shoulder
f diameter and an insertable pin with a conical base of 5
nd 5 mm high were used. The plates were welded using a
ormal force of 15 kN, a rotation speed of 1200 rpm, and a
00 mm/min rotation speed with a tilt angle of 3 ° The heat
nput was calculated according to Eq. 1 . 

 = 

2πωT 

v 
(1)

here ω is the rotation speed, T is the torque withstood by
he tool, and v is the advancing velocity during FSW. 

.2. Microstructure characterisation 

Samples were extracted from the joint in the cross-section
nd metallographically prepared using grinding followed by
xide polishing suspension (OPS) final polishing for mi-
rostructural investigation. An FEI Inspect FL50 scanning
lectron microscope (SEM) was used for acquiring sec-
ndary electrons (SE) micrographs while a Zeiss Ultra 55 was
sed for performing electron backscattered diffraction (EBSD)
easurements. 
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.3. Electron backscattered diffraction analysis (EBSD) 

The software OIM Analysis v.8 was used to perform the
BSD data treatment. A misorientation angle of 15 ° defined
 grain boundary and the minimum grain size considered was
 μm in diameter. The grains were standardised to their con-
dence index, and a minimum confidence index of 0.2 was
sed for re-indexation to the neighbour grains. Low angle
rain boundaries are defined with a misorientation angle be-
ween 2 ° and 15 ° while high angle grain boundaries are con-
idered for a misorientation angle larger than 15 ° The tensile
wins { 10 ̄1 2 }〈 1 ̄2 10〉 are excluded from the high angle grain
oundaries for calculating the grains. The kernel average mis-
rientation (KAM) was calculated to the second neighbour.
rains with misorientation spread lower than 2 ° are consid-

red recrystallised, and the recrystallisation grade is evaluated
sing grain orientation spread. Geometric necessary disloca-
ions (GND) density was calculated using the { 0001 }〈 11 ̄2 0〉 ,
 1 10 0 }〈 11 ̄2 0〉 , { 1 ̄1 01 }〈 11 ̄2 0〉 , { 10 ̄1 ̄1 }〈 11 ̄2 3 〉 and { 11 ̄2 ̄2 }〈 11 ̄2 3 〉
lip system, considering the first nearest neighbour for a Burg-
rs vector magnitude of 0.32 nm [40] . 

.4. Mechanical properties 

Microhardness maps of the cross-sections of the joints
ere performed for a polished surface using a load of 0.3
g in an MMT-X7 – CLEMEX hardness tester. A matrix of
7 lines and 69 columns with an interspace of 0.3 mm were
sed. 

Tensile specimens with a gauge of 12 mm length, 6 mm
idth and 5 mm thickness [38] were extracted from the cross-

ections of the produced joints. The tensile testing was per-
ormed according to the ASTM E8M deformed at a deforma-
ion speed of 0.074 mm/min coupled with image correlation
sing a D720 Nikon camera acquired during the tensile tests
ith an acquisition rate of 0.1 Hz and evaluated using the

oftware Aramis®. 
Surface residual stress measurements were performed us-

ng a Panalytical MRD-XL diffractometer with a Co X-Ray
ource and the method of sin 

2 ( ψ) [47] . Seven ψ angles be-
ween 0 and 76 ° for the Mg diffraction peaks of ( 20 ̄2 1) ,
( 11 ̄2 2 ) and ( 10 ̄1 3 ) using a beam size of 2 mm per 2 mm

ith wobbling of 10 mm along the weld direction 

. Results 

.1. Welding parameters 

The measured torque and heat input of the produced joints
re shown in Fig. 1 (a and b, respectively). Lower torque and
eat input is achieved for the ZK60 alloy weld with lower
ariations in those parameters that are observed for the ZK60–
.5RE. The addition of RE to a ZK60 alloy led to slightly
igher steady flow stresses for a given temperature and strain
ate [41] , mainly attributed to the hard and thermal stable
E containing intermetallic compounds. Thus, ˜20% higher

orques are necessary to weld the ZK60–1.5RE compared
o the ZK60. Since the advancing speed, and the rotation
peed is the same for both joints, the heat input is also ˜20%
igher for ZK60–1.5RE than ZK60 joint due to higher torque
or the ZK60–1.5RE ( Eq. (1) ). The maximum temperature
chieved during FSW does not exceed the material melting
oint, which is 635 °C for the ZK60 alloy [42] . 

.2. Microstructure characterisation 

The cross-section light optical micrographs of the welded
lates are shown in Fig. 2 for the ZK60 ( Fig. 2 a) and ZK60–
.5RE ( Fig. 2 b). The stirred zone (SZ) beneath the shoulder is
xtended for the ZK60 compared to the ZK60–1.5RE. More-
ver, a visible thermomechanical affected zone (TMAZ) is
bserved for the ZK60, while its presence is not evident in
he optical micrograph. 

Fig. 3 shows the secondary electrons (SE-SEM) micro-
raphs of the base metal (BM) ( Fig. 3 (a,e)), the TMAZ of
he retreating side (RS) ( Fig. 3 (b,f)), the SZ ( Fig. 3 (c,g)) as
ell as the TMAZ of the advancing side (AS) ( Fig. 3 (d,h)).
rora et al. [42] estimated strains achieved during FSW in

he range of −10 to 5, and strain rates from −9 s −1 to 9 s −1 .
igher strain rates above 900 s −1 were predicted for a dis-

imilar FSW joint [43] . Also, notable larger strains above 200
ere predicted during FSW by Jain et al. [44] . A maximum

train rate of ˜35 s −1 was estimated for an AZ31 during FSW
45] . Therefore, high strains and strain rates are expected to
e achieved in the investigated joints. Silva et al. [38] inves-
igated the investigated as-cast alloys reported in this work in

ore detail. The intermetallic compounds formed in the as-
ast BM of ZK60 are the Mg 7 Zn 3 (5.8 vol.%) and the Zn 2 Zr
1.0 vol.%), while Mg 7 Zn 3 (3.0 vol.%), MgZn 2 Ce (2.7 vol.%)
nd Zn 2 Zr (1.0 vol.%) are formed in the as-cast BM of ZK60–
.5RE. 

The plastic deformation at TMAZ leads to a partial dis-
uption of the semi-continuous network of intermetallic com-
ounds formed along the grain boundaries of the nearly-
lobular dendritic as-cast microstructure. A gradient of par-
ially dissolved and partially fragmented intermetallic com-
ounds is observed in the TMAZ in both AS and RS sides.
espite comparable volume fraction of intermetallic com-
ounds at the BM, the MgZn 2 Ce are shown higher thermal
tability. Thus, at the deformation temperatures achieved dur-
ng the FSW, they can act as reinforcement at the matrix in
he ZK60–1.5RE. Moreover, the high temperature and high
train rates partially dissolve the Mg 7 Zn 3 at the SZ and are
otable in Fig. 3 c for the ZK60. The remaining intermetal-
ic compounds are fragmented due to the notably large plas-
ic deformations achieved in the SZ. The intermetallic parti-
les are dispersed in the α-matrix in the SZ of both alloys
 Fig. 3 (c,h)), and aligned in “lines” due to the flow of material
uring FSW. 

The typical microstructure of the joints produced by FSW
s illustrated in the EBSD analysis shown in Fig. 4 for the
K60–1.5RE. A large region where deformed grains are pro-
ressively recrystallised is observed in Fig. 4 a. There is no
harp transition between the TMAZ and the SZ. Grains with



E.P. da Silva, R.H. Buzolin, U. Alfaro et al. / Journal of Magnesium and Alloys 9 (2021) 1782–1796 1785 

Fig. 1. Welding parameters of the investigated joints produced by FSW: a) torque; b) heat input. 

Fig. 2. Light optical micrographs of the cross-section of the produced joints: a) ZK60 alloy; b) ZK60–1.5RE alloy. The red triangle indicates the shape of the 
pin of the tool, the stirred zone and the thermomechanical affected zones are shown, and the retrieving and advancing sides. The yellow rectangles indicate 
the positions of the EBSD measurements. 
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isorientation spread lower than 2 ° are shown in Fig. 4 d,
hile the grains with larger misorientation are shown in
ig. 4 c. The misorientation spread of 2 ° is set here at the

hreshold for a recrystallised grain. The recrystallised grains
re decorating the prior grain boundaries at locations in the
MAZ closer to the BM as shown in Fig. 4 d indicated by

he red circle. In contrast, a matrix with relatively randomly
istributed recrystallised and deformed grains are observed to-
ards the SZ. Therefore, the TMAZ of the investigate joints
onsists mainly of a microstructural gradient from a coarse
nd deformed as-cast microstructure near the BM towards a
efined and partially recrystallised microstructure at the SZ.
he microstructure gradient observed for the ZK60–1.5RE-

ixo is notably less pronounced for the same measurement
rea for the ZK60 due to the notably larger TMAZ for the
K60, Fig. 2 . 

Fig. 5 shows the representative EBSD analysis of the dif-
erent joint regions produced by FSW for the ZK60 alloy.
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Fig. 3. Secondary electron (SEM-SE) micrographs of the cross-section of the investigated regions of the joint: a,e) base materials; b,f) thermomechanical 
affected zone at the retrieving side; c,g) stirred zone; d,h) thermomechanical affected zone at the advancing side. The micrographs correspond to the: a-d) 
ZK60 alloy; e-h) ZK60–1.5RE. 

Fig. 4. Electron backscattered electrons diffraction of the thermomechanical affected zone of the advancing side for the cross-section of the joint of the 
ZK60–1.5RE alloy: (a) grain orientation spread map; (b) inverse pole figure map; (c) inverse pole figure map of the deformed fraction; (d) inverse pole 
figure map of the recrystallised fraction. The welding direction is perpendicular to the plane of the image, and the normal direction is indicated by ND and 
the transversal direction by TD. The base material is located towards the right and the stirred zone towards the left. The red circle indicates a region with 
recrystallised grains along prior grain boundaries. 
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in both TMAZ and SZ. 
or the investigated joints, an area at the centre of the in-
estigated zone is exhibited. A notably refined microstructure
s observed at the SZ. The flow lines of material can be in-
erred in the SZ by the oriented regions with aligned GBs,
s indicated in Fig. 5 k by the yellow lines. The presence of
ensile twins { 10 ̄1 2 }〈 1 ̄2 10〉 is notable in the deformed grains
n the TMAZ in both RS and AS ( Fig. 5 (j and l, respec-
ively)). A fully recrystallised region is not obtained in any
f the investigated areas. In Fig. 5 (g–i), the KAM maps show
hat in the TMAZ, deformed grains with a denser network
f boundaries with larger KAM values are observed. How-
ver, the grains shown as recrystallised due to misorientation
pread lower than 2 ° also show KAM values higher than zero
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Fig. 5. Representative electron backscattered diffraction analysis of the joint of the ZK60 alloy for the cross-section of the three distinct regions: (a,d,g,j) 
retrieving side of the thermomechanical affected zone; (b,e,h,k) stirred zone; (c,f,i,l) advancing side of the thermomechanical affected zone. a-c: inverse pole 
figure maps; D -f: grain orientation spread maps; (g–i) kernel average misorientation maps; (j–l) boundary maps. 
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Fig. 6 shows the typical microstructure of the joint of
K60–1.5RE produced by FSW: Similarly to the join of
K60, a partially recrystallised microstructure is observed in

he TMAZ in the AS ( Fig. 6 f) and RS ( Fig. 6 d) as well as in
he SZ ( Fig. 6 e). For the investigated region, a fine microstruc-
ure is achieved in the RS ( Fig. 6 j) of the TMAZ compared
o the AS ( Fig. 6 l). In both regions, recrystallised grains with
AM values close to zero as observed ( Fig. 6 g and i), while
 nearly homogeneous matrix with non-zero KAM values is
bserved in the SZ ( Fig. 6 h). The presence of deformed grains
ith twins and large misorientation is observed at the AS of

he TMAZ ( Fig. 6 (c,f,i,l)). 
The mean geometric necessary dislocation (GND) density,

rain size, and the maximum intensity of the pole figure for
he (0001) are plotted in Fig. 7 (a, b and c, respectively) for the
nvestigated regions of the produced joints and are separated
lso for the deformed fraction and recrystallised fraction. The
efinement of the microstructure at the SZ is notable. From an
verage grain size of ˜250 μm for the ZK60 and ˜150 μm for
he ZK60–1.5RE, a mean recrystallised grain size of ˜3.3 μm
nd ˜4.3 μm are observed for the ZK60 and ZK60–1.5RE,
espectively. 

The higher heat input and the lower extent of the thermo-
echanical affected zone can be understood as larger dissi-

ation at the SZ. Higher temperatures and/or longer durations
f the peak temperature are expected for the ZK60–1.5RE in
omparison to the ZK60. Thus, a higher velocity of the high
ngle grain boundaries during dynamic and static recrystalli-
ation, a higher nucleation rate during static recrystallisation,
nd a higher extent of dynamic recovery during deformation
n the ZK60–1.5RE are attributed as the main reasons for
he slightly larger recrystallised grain size observed ZK60–
.5RE alloy. The larger differences between recrystallised and
eformed grain sizes are observed at the TMAZ in the AS.
oreover, the recrystallised grain size measured at the TMAZ

s comparable to the grain size measured at the SZ. Compara-
le values of GNDs are observed in the stirred zone for both
oints. The values of GNDs are the highest for the ZK60–
.5RE in the AS and slightly higher than those in comparison
o the same region for the ZK60. The increase in the maxi-
um intensity of the pole figure for the basal plane (0001)

eems to increase from the base metal towards the stirred
one. The formation of an anisotropic material at the stirred
one can be explained by the intensive plastic deformation
nd preferential lattice rotation due to the preferential shear
orces during FSW. However, the results are contrasting with
he finding of Jamili et al. [37] , where the texture was reduced
fter FSP. There are two main reasons for the observed dif-
erence: 

(a) The alloy system investigated by Jamili et al. [37] , con-
tains a large fraction of RE in solid solution (WE43).
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Fig. 6. Representative electron backscattered diffraction analysis of the joint of the ZK60–1.5RE alloy for the cross-section of the three distinct regions: 
(a,d,g,j) retrieving side of the thermomechanical affected zone; (b,e,h,k) stirred zone; (c,f,i,l) advancing side of the thermomechanical affected zone. a–c: 
inverse pole figure maps; D -f: grain orientation spread maps; (g–i) kernel average misorientation maps; (j–l) boundary maps. 

Fig. 7. Mean properties measured from the analysed electron backscattered diffraction measurements for the investigated cross-sections of the ZK60 and 
ZK60–1.5RE: (a) Overall, recrystallised and deformed geometric necessary dislocation (GND) density; (b) Overall, recrystallised and deformed grain size; (c) 
Overall, recrystallised and deformed maximum intensity of the pole figure for the (0001). 

 

 

 

 

 

 

 

 

 

 

a  

a  
Gourdet and Montheillet [62] shown that the RE re-
duce the texture of deformed alloys by promoting
the growth of grains in different directions during re-
crystallization, thus decreasing the anisotropy. The Ce
is found mainly as intermetallic compounds in the
ZK60–1.5RE [38] . Therefore it has a limited impact
on reduced effect on the texture development during

FSW b
(b) The investigated material by Jamili et al. [37] and Gour-
det and Montheillet [62] were wrought materials. Here,
the material initially is in the as-cast material. 

Therefore, the comparison with the BM will always show
 higher texture value. The higher values of texture observed
t the FSW of the ZK60–1.5RE than the ZK60 can probably
e related to the higher stresses required to deform the ZK60–
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Fig. 8. (a) Average low angle grain boundary (LAGB), high angle grain boundary (HAGB) and tensile twin { 10 ̄1 2 }〈 1 ̄2 10〉 , fractions for the base metal (BM), 
thermomechanical affected zone in the advancing side (AS), thermomechanical affected zone in the advancing side (RS), and the stirred zone (SZ) of the 
joints for the ZK60 and ZK60–1.5RE alloys; (b,c) Boundary misorientation angle distributions for the ZK60 and ZK60–1.5RE, respectively. 
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F  
.5RE (higher torque, Fig. 1 ). This crystallographic anisotropy
hould also impact the mechanical properties of the joints.
hus, different tensile, toughness and fatigue behaviours are
xpected for different joint orientations. 

The average fraction of low angle grain boundary, ten-
ile twins { 10 ̄1 2 }〈 1 ̄2 10〉 , and high angle grain boundaries are
hown in Fig. 8 a for the different regions of the joint for
he ZK60 and ZK60–1.5RE. Due to plastic deformation, low
ngle grain boundaries are formed at the TMAZ and tensile
wins. The twin boundary fraction is more pronounced for the
K60 than the ZK60–1.5RE, but its maximum value is still

ess than 10% for the highest fraction in the TMAZ in the
S. A partially recrystallised microstructure is observed in the
Z, and the volume fraction of high angle grain boundaries is
80%, and the fraction of twin boundaries is negligible in this
egion. The boundary misorientation angle distributions of the
MAZ at the AS, TMAZ at the RS, and the SZ are shown in
ig. 8 (b and c) for the ZK60 and ZK60–1.5RE, respectively.
he misorientation distribution is limited to a number fraction
f 0.03, but the fraction of low angle grain boundaries with
ery low misorientation is larger than 0.03 in all measured
onditions. A peak in boundary misorientation at ˜90 ° due to
ensile twins { 10 ̄1 2 }〈 1 ̄2 10〉 is observed and indicated with the
ed arrow. This peak at ˜90 ° shows the highest number frac-
ion for the ZK60 and the TMAZ at the AS. A second peak
s observed at ˜30 ° The strong basal texture that is devel-
ped during FSW for the investigated alloys can explain the
imited increase in boundary misorientation angle up to ˜30 °
hus, since the textural effect is the highest in the SZ of the
K60–1.5RE ( Fig. 7 c ), the peak at ˜30 ° is the highest for this
ondition. The value of the peak at 30 ° can be directly related
o the maximum intensity of the pole figure for the (0001):
he higher the value of the peak at 30 ° in Fig. 8 (b,c), the
igher the maximum intensity of the basal texture ( Fig. 7 c). 

The anisotropy of the different regions of the joint for
he ZK60 and ZK60–1.5RE are assessed by the inverse pole
gures (IPF) shown in Fig. 9 . Due to the complexity in de-

ermining the specific directions of the plastic deformation
uring FSW, the IPFs are shown so that the welding direc-
ion is perpendicular to the measured cross-section. A pole
lightly rotated from the (0001) is observed in all cases, and
he maximum value of crystallographic texture is observed at
he SZ for the ZK60–1.5RE. 

.3. Mechanical properties 

The hardness maps of the investigated joints are shown in
ig. 10 for the ZK 60 and ZK60–1.5RE. The average value
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Fig. 9. Inverse pole figures for the different weld regions analysed in their cross-sections of the produced joints of the ZK60 (a–c) and ZK60–1.5RE (d–f): 
(a,d) thermomechanical affected zone for the retrieving side; (b,e) stirred zone; (c,f) thermomechanical affected zone for the advancing side. 

Fig. 10. Hardness maps of the cross-section measured for the ZK60 and ZK60–1.5RE joints. The red triangle indicates the position of the pin of the tool 
during welding. 
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f ˜75 HV is measured for both joints and is comparable to
he base metal. A peak hardness of ˜115 HV and ˜100 HV
s measured at the lower region of the stirred zone in the
dvancing side for the ZK60 and ZK60–1.5RE, respectively. 

The room temperature mechanical properties were assessed
sing tensile testing, and the measured tensile tests are shown
n Fig. 11 a. The image analysis correlation maps to determine
he local strain and the rupture location are shown in Fig. 11 b.
 slightly higher elongation is measured for the ZK60 com-
ared to the ZK60–1.5RE. However, the ZK60 fractured at
he joint, while the ZK60–1.5RE fractured at the BM. The
ocalisation of strain in the AS in Fig. 11 b is also related
o the higher HV measured in the same region, as shown in
ig. 10 . Asgari et al. [58] show that yield stresses of 153 MPa
nd 115 MPa, and elongations of 4.5% and 2% are achieved
or the ZK60 and ZK60–1.5RE, respectively. They showed
hat the mechanical strength and ductility are higher for the
s-cast ZK60 alloy than the as-cast ZK60–1.5RE due to its
ncreased solute content within the Mg-matrix and the smaller
uantity of intermetallics that builds up an intermittent net-
ork. Therefore, the more inferior mechanical properties of

he ZK60–1.5RE alloy compared to the ZK60 joint can be
xplained by the more inferior mechanical properties of the
M. FSW improves the mechanical properties of the as-cast
icrostructure of ZK60–1.5RE since it broke at the BM. The

ow strain localisation in the weld zone of the ZK60–1.5RE
 Fig. 11 c) shows the improvement of ductility and strength
or the modified microstructure in the FSW joint. 

The surface residual stress of both alloys measured using
-Ray diffraction is shown in Fig. 12 . A peak of ˜70 MPa

s measured at the TMAZ in the RS, while lower tensile
tresses are measured in the TMAZ in the AS (˜10 MPa for
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Fig. 11. Tensile testing for the produced joints tested at their cross sections: (a) measured engineering stress-strain curves; (b) image analysis correlation maps 
for the last acquisition before fracturing for the ZK60 joint; (c) image analysis correlation maps for the last acquisition before fracturing for the ZK60–1.5RE 

joint. The dashed black triangle indicates the position of the pin of the tool during welding. 

Fig. 12. Normal to surface measured residual stress measurements using X- 
ray diffraction of the similar joints of ZK60 and ZK60–1.5RE produced using 
linear friction stir welding. 
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he ZK60 and ̃ 20 MPa for the ZK60–1.5RE). The comparable
ehaviour of the surface residual stress between the ZK60 and
he ZK60–1.5RE corroborates the similar microstructure for-

ation observed in the different zone of the joints produced
or the investigated alloys. The tensile stresses at the RS of the
oints decrease the strength of the joints since lower applied
tresses are needed to achieve the yield stress of the material.
owever, Fig. 11 b shows that the fracture occurred at the AS
f the ZK60 joint, where the surface residual stresses are not
igh. Therefore, the differences in microstructure and its ef-
ects on the tensile properties prevail over the surface residual

tress effects for the produced joints. 
. Discussion 

The complex mechanisms and material flow in typical lin-
ar FSW can result in a complex interaction between the ma-
erial properties and the obtained joint. The RE addition in
he ZK60 alloy and the possible restoration mechanisms that
ead to the formation of the microstructure after FSW are
orrelated to the investigated microstructure and mechanical
roperties. 

.1. Influence of RE addition 

The addition of 1.5RE to the ZK60 forms a semi-
ontinuous network of intermetallic compounds along the
rain boundaries [45] . On the other hand, dispersed parti-
les of intermetallic compounds are observed at the grain
oundaries for the ZK60 [45] . During plastic deformation,
oad partitioning occurs in multiphasic materials [ 46 , 47 ]. At
oom temperature, this effect is evidenced by the fracture of
he tensile specimens at the BM for the ZK60–1.RE. The joint
xhibited better properties than the BM for this alloy, while
he opposite is observed for the ZK60 alloy. The dispersion
nd formation of fine intermetallic compounds as shown in
ig. 3 promote a more homogeneous deformation of the α-Mg
atrix, avoiding the pile-up of dislocation intermetallic/ α-Mg

nterfaces that can lead to local deformation and premature
racture. Despite the higher anisotropy of the SZ and TMAZ
nd higher dislocation density in those regions, the more ho-
ogenous deformation enhanced the ductility and the strength

f the ZK60–1.5RE for the FSW joint. 
At high temperatures, the microstructure evolution of all

hases leads to a change in the load transfer [46] . The pres-
ure of the welding tool normal to the surface can promote
lastic deformation in regions where temperature increases.
he extent of the plastic deformation rate is related to the
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s  
ow stress of the material for that temperature. In the case
f the ZK60–1.5RE, a stronger network of intermetallic com-
ounds in comparison to the flow stress of the α-Mg matrix
eads to lower stress withstood by the α-Mg matrix for the
ame external applied load. Therefore, despite the lower value
or the force normal to the surface applied for the FSW of
he ZK60, the plastic deformation rates are still higher in the
-Mg promoting the formation of a larger TMAZ. 

However, once the α-Mg matrix starts to deform plastically
otably, the difference in the measured microstructure features
etween the ZK60 and the ZK60–1.5RE is minimal compared
o the differences between the different regions in the same
oint ( Figs. 4 –9 ). Once plastic deformation occurs in the
MAZ and the SZ, the high temperatures, high strain rates,
nd high achieved strains promote the fragmentation of the
ntermetallic compounds, as shown in Fig. 3 . The comparable
roperties of the joints of ZK60 and ZK60–1.5RE produced
y FSW are also shown in the hardness maps ( Fig. 10 ), ten-
ile tests ( Fig. 11 ), and surface residual stress measurements
 Fig. 13 ). 

.2. Microstructure formation due to FSW 

The formed microstructure results from the complex inter-
ction of the several phenomena that can occur during FSW.
rom a typical globular-like dendritic microstructure, the in-
estigated Mg alloys evolve towards a partially recrystallised
nd fine globular microstructure at the SZ. among the dy-
amic phenomena, continuous [48] , geometric [49] , and dis-
ontinuous dynamic recrystallisation [ 50 , 51 ], as well as dy-
amic recovery [52] , and twining [ 53 , 54 ] are the main restora-
ion mechanisms described for hot deformation of metal-
ic materials. Static recovery and static recrystallisation play
n important role in the microstructure formation after the
ynamic microstructure modification [55] . Fig. 13 shows
he typical microstructure of the TMAZ of the ZK60 at
he RS. A heterogeneous microstructure can be observed in
ig. 13 a, where a deformed grain is observed on the left bot-

om side involved in a partially recrystallised microstructure.
ig. 13 shows a grain reference orientation deviation axis map
nd a notable spread of orientation in axis rotation within the
arent grain is observed for the deformed regions. It indicates
hat the temperature is not sufficiently high in the observed
rea to promote a fast rearrangement of the dislocations into
ells. Thus, deformed regions with large misorientation spread
re formed, as highlighted in the misorientation profile in
ig. 13 d by the dashed blue ellipses. Moreover, the presence
f tensile twins { 10 ̄1 2 }〈 1 ̄2 10〉 is visible and highlighted in
he misorientation profile in Fig. 13 d. Furthermore, Fig. 13 c
hows the kernel average misorientation map for the inves-
igated region, and the regions with large kernel values are

ore often observed along the grain boundaries. The reduced
ole of dynamic recovery in low stacking fault materials, and
he lack of active slip systems in hcp systems [56–58] , such
s Mg, lead to the formation of a highly misoriented material
here the dislocation, thus the strain, are accumulated along

he grain boundaries. 
Similarly to the RS, a deformed and heterogeneous mi-
rostructure is observed in Fig. 13 e. Three misorientation
rofiles are shown in Fig. 13 f. In the misorientation profile
MP1”, three twins are observed with a thickness of ˜3 μm.
he large plastic deformation leads to the formation of a
isorientation spread and low angle grain boundaries with

he twinned regions in the analysed region, as highlighted in
he inset in Fig. 13 f and shown in the misorientation profile
MP2”. The formation of low angle grain boundaries is shown
n “MP3”, evidencing that dynamic recovery and subgrain for-
ation are also active phenomena for the microstructure mod-

fication at the TMAZ in the investigated Mg alloys. Despite
he low stacking fault energy of Mg alloys, the increase in
emperature can activate more slip systems, promoting glid-
ng [59–61] . Thus, for favourable orientated grains, the plastic
eformation can lead to the multiplication of dislocation and
earrangement in sharp subgrain boundaries. 

The formation of a necklace of recrystallised grains along
he grain boundaries is observed in Fig. 13 a and more evi-
ent in Fig. 4 , as indicated by the red circle. This is a typical
icrostructure obtained during static recrystallisation [55] or

iscontinuous dynamic recrystallisation [ 50 , 51 ]. In both cases,
he larger the deformation, the higher the recrystallisation
rade since the stored energy for recrystallisation increases
ith increased deformation [55] . Higher temperatures lead to
igher nucleation and higher mobility of the high angle grain
oundaries, accelerating especially the static recrystallisation.
n discontinuous dynamic recrystallisation, the dependency is
ot straightforward since the increment In temperature can
educe the dislocation density, reducing nucleation, thus re-
rystallisation kinetics. 

For any portion of the material in the TMAZ, there is a dis-
ribution of plastic deformation and temperatures. Thus, with
he advance of the tool during FSW, the material deforms
old, and twins and misorientation spread within the grains
re formed. With the increase in temperature, reorganisation
f the dislocations, and sharp low-angle grain boundaries are
ormed. For regions with large deformation and large tem-
eratures, static and discontinuous dynamic recrystallisation
lays a role in forming a partial recrystallisation microstruc-
ure. 

Therefore, the microstructure formation in the TMAZ can
e summarised as follows: 

• The colder regions in the TMAZ closer to the BM exhibit
higher twinning activity, lower recrystallisation grade, and
grains with large misorientation spread. 
• Towards the SZ, the deformation increases as well as the

temperature. Therefore, a progressive increase in sharp low
angle grain boundary formation is observed. 
• With an increase in peak temperature towards the SZ, the

role of discontinuous or static recrystallisation increases,
and the formation of a partially recrystallised microstruc-
ture is observed. 

At the stirred zone, the peak temperature, strain, and
train rates achieved during FSW are higher than the TMAZ.
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Fig. 13. Detailed regions of the thermomechanical affected zone of the ZK60 alloy in the: (a–d) RS; (e,f) AS. (a) Inverse pole figure map where the 
misorientation profile indicated by “MP” is shown in (d). (b,c) Grain reference orientation deviation axis map and kernel average misorientation map of the 
region shown in a), respectively. (e) inverse pole figure map where the misorientation profiles “MP1” and “MP3” are shown in (f). The highlighted region 
with the red square is shown as an inset in (f) where the misorientation profile”MP2” within a twin is shown. In the inverse pole figure maps, low angle grain 
boundaries with misorientation between 2 ° and 15 ° are marked in white, and tensile twins { 10 ̄1 2 }〈 1 ̄2 10〉 are marked in blue. Grain boundaries are marked in 
black. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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ig. 14 shows the typical microstructure of the SZ of the
oint of ZK60–1.5RE. The partially recrystallised microstruc-
ure comprises a mosaic of equiaxed-like subgrains and fine
ecrystallised grains. The large strains and high peak tempera-
ures achieved at the SZ in the FSW alloys form a network of
ow and high angle grain boundaries. This typical microstruc-
ure can be formed during continuous dynamic recrystallisa-
ion [ 48 , 62 ]. The refined recrystallised microstructure that is
hown in blue in the grain orientation spread in Fig. 14 b (mis-
rientation spread lower than 0.5 °) indicate that they can also
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Fig. 14. Detailed region of the stirred zone of the ZK60–1.5RE: (a) inverse pole figure map; (b) grain orientation spread map. In (a), low angle grain boundaries 
with misorientation between 2 ° and 5 °, and 5 ° to 15 ° are marked in white and red, respectively, and tensile twins { 10 ̄1 2 }〈 1 ̄2 10〉 are marked in blue. Grain 
boundaries are marked in black. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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e formed either by discontinuous or continuous dynamic re-
rystallisation as well as static recrystallisation and it is not
ossible to distinguish which mechanism that was dominant
r occurred. 

The intermetallic compounds also play an important role
re particle-stimulated nucleation (PSN) sites and can promote
he formation of randomly orientated new grains [ 8 , 41 , 63 , 64 ].
he Mg 7 Zn 3 and Zn 2 Zr particles present in both alloys and

he MgZn 2 Ce with high thermal stability present in the ZK60–
.5RE could also serve as PSN. Its role is expected to be
igher in regions where is size is not smaller than 1 μm.
hus, it should have a minor role in the microstructure for-
ation at the SZ. However, PSN can explain the formation

f recrystallised grain in regions of the TMAZ, such as the
nes highlighted by the red circle in Fig. 4 d. 

Therefore, several restoration mechanisms play a role in
he deformation of the α-Mg matrix. The evolution of the
ctivity of each mechanism is found as dependent on the de-
ormation, temperature, and strain rate that is achieved in a
pecific region. Despite being named TMAZ and SZ, a sharp
ivision in specific regions is not possible. A gradient mi-
rostructure from the BM towards the centerline of welding
s observed. 

. Conclusions 

Linear friction stir welding was used for similar welding
f plates of as-cast ZK60 and ZK60–1.5RE alloys. The mi-
rostructure of the produced joints is systematically charac-
erised using optical, and electron microscopy. The EBSD
easurements are used to provide insights on the possible
echanisms of microstructure formation during FSW and ob-

ain the average microstructural features for the investigated
lloys and regions of the joint. The mechanical properties are
ssessed using hardness, tensile testing, and surface resid-
al stress measurements. The following conclusions can be
rawn: 

• The FSW improved the ductility and strength of the as-
cast ZK60–1.5RE alloy since the tensile samples fractured
in the BM. 
• The α-Mg matrix deforms comparably for the ZK60 and

ZK60–1.RE in the TMAZ and SZ. The differences in mean
microstructural features in minimum between both alloys
compared to the mean microstructural features in different
regions of the same joint. 
• The TMAZ of the ZK60 is larger than the TMAZ

of the ZK60–1.5RE. Strengthening caused by the semi-
continuous network of intermetallic compounds at the base
metal of the ZK60–1.5RE and dispersed intermetallic com-
pounds along the grain boundary can explain this be-
haviour. 
• Colder regions that withstood little plastic deformation dur-

ing FSW exhibit grains with tensile twins { 10 ̄1 2 }〈 1 ̄2 10〉
and large misorientation spread. 
• A microstructure gradient is observed in the TMAZ of

both alloys, and a partially recrystallised microstructure is
formed towards the SZ. 
• A mosaic-like microstructure composed of low and high

angle grain boundaries is present in the stirred zone. In-
tensive dynamic recovery leading to subgrain formation
and a microstructure that assembles a typical continuous
dynamic recrystallised microstructure is observed. How-
ever, fine grain decorating the grain boundaries indicates
that discontinuous dynamic recrystallisation, static recrys-
tallisation, and/or particle stimulated nucleation also play
a role in the microstructure formation during FSW of the
investigated alloys. 
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