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Microstructure, texture and mechanical properties of a friction-stir-processed (FSPed) Mg-1A1-0.3Ca-0.3Mn-0.6Zn (w/%) alloy
were investigated in the present work. During FSP, complete dynamic recrystallization (DRX) takes place in the coarse primary
a-Mg matrix and a considerable grain refinement is achieved. Furthermore, DRXed grain sizes increase with an increase of the
rotation speed from 1000 min™' to 1600 min~', which is attributed to the integrated effect of the strain rate and thermal input.
After FSP, a strong {0001} basal texture is formed, with the intensity ranging from 83.64 to 105.19. Compared to the base
metal, the elongation is significantly enhanced, by =158 %, while the ultimate tensile strength and yield strength are reduced.
The variation in the mechanical properties is mainly due to the grain refinement and strong {0001} basal texture obtained with
FSP.
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V c¢lanku avtorji opisujejo raziskave mikrostrukture, teksture in mehanskih lastnosti torno-vrtilnega postopka (FSP)
Mg-1A1-0,3Ca-0,3Mn-0,6Zn (v mas. %) zlitine. Med FSP-postopkom je prislo do popolne dinamicne rekristalizacije (DRX) v
grobi primarni matrici @-Mg in do znatnega udrobljenja mikrostrukture. Nadalje se je velikost dinamic¢no rekristaliziranih zrn
povecala s povecanjem hitrosti vrtenja orodja iz 1000 min™' na 1600 min™', kar so pripisali celovitemu u¢inku hitrosti defor-
macije in vnosa toplote. Med izvedbo FSP-postopka je prislo do tvorbe mo¢ne {0001} bazalne teksture, z intenziteto med 83,64
in 105,19. V primerjavi z osnovno zlitino je raztezek FSP-zlitine mo¢no narasel (za pribliZzno 158 %), medtem ko sta se natezna
trdnost in meja tecenja znizali oz. zmanjSali. Sprememba mehanskih lastnosti je predvsem posledica udrobljenja mikrostrukture

in nastanka moc¢ne {0001} bazalne teksture zaradi izvedbe FSP-postopka.

Kljucne besede: Mg-Al-Ca-Mn-Zn zlitina, torno-vrtilni postopek varjenja, mikrostruktura, tekstura

1 INTRODUCTION

Magnesium alloys are recognized as environment-
friendly materials with favorable properties including
low density, high specific strength and stiffness, which
make them fascinating candidates for applications in the
fields of transportation and aerospace.!? Friction-stir
processing (FSP) attracted much attention in the past
decades.** During FSP, dynamic recrystallization takes
place in the nugget zone, leading to a significant grain
refinement. The grain refinement plays the key role in
enhancing the strength, which can be described with the
Hall-Patch formula.>® According to the previous referen-
ces, the majority of FSPed Mg alloys show a moderate
increase in the strength, while a fraction of them exhibit
diametrically opposite results.”® Besides the grain size,
the texture was also found to have a significant influence
on the comprehensive performance of wrought magne-
sium alloys.”!® FSW leads to an enormous reduction in
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the grain-boundary misorientation of AZ31 alloys due to
the low symmetry of the hexagonal close-packed (HCP)
structure and limitations of the {0001} texture.!' And the
role of the texture in deteriorating the yield strength (YS)
of FSPed magnesium alloys was also investigated.'>-!3

T. Nakata et al.'*!5 reported that a complex micro-
alloyed Mg-1.3A1-0.3Ca-0.4Mn (w/%) alloy with merits
of low cost shows favorable mechanical properties after
an extrusion, and a further addition of the Zn element
was beneficial to the mechanical properties. However,
there has been limited investigation on the FSP of the
Mg-Al-Ca-Mn-Zn alloy. In the present study, a
Mg-1A1-0.3Ca-0.3Mn-0.6Zn (w/%) alloy was subjected
to FSP with different rotational speeds. The purpose of
the present study was to investigate the variations of the
microstructure, texture and mechanical properties of the
FSPed Mg-1AI-0.3Ca-0.3Mn-0.6Zn (w/%) alloy.
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2 EXPERIMENTAL PART

The alloy selected for the present investigation was
Mg-1A1-0.3Ca-0.3Mn-0.6Zn in w/%, fabricated from
high-purity Mg, Al, Zn (99.9 w/%) and Mg-20 w/%Ca,
Mg-5 w/% Mn master alloys using a vacuum induction
furnace with an argon atmosphere. Plates with a thick-
ness of 8 mm were cut from the ingots. Then solid-solu-
tion treatment was carried out at 410 °C for 24 h and
followed by water quenching. The solid-solutioned base
metal was designated as BM.

During FSP, a tool with a shoulder of 15 mm in
diameter and a cylindrical screw pin of 4 mm in root
diameter and 4 mm in length were utilized. The tool tilt
angle was kept constant at 2.5° and the tool plunge depth
was 5 mm. FSP was carried out at different rotational
speeds (1000, 1300 and 1600) min~!, while the travel
speed was kept as 60 mm/min. Microstructure obser-
vation was conducted on the BM and FSPed alloy using
an optical microscope (OM). The texture variation in the
SZ of the FSPed alloy was examined using electron
backscatter diffraction (EBSD). Tensile tests were
implemented on a universal testing machine with a strain
rate of 1x103s! along the processing direction. At least
three specimens were processed for each condition to

obtain the mean values of mechanical properties. Ten-
sile-fracture morphologies were examined using
scanning electron microscopy (SEM).

3 RESULTS AND DISCUSSION

Figure 1 reveals the macrostructure of the transversal
cross-section of an FSPed specimen. RS denotes the
retreating side and AS denotes the advancing side. Based
on macrostructural observations, the typical zones of an
FSPed Mg alloy, including the stir zone (SZ), the
thermo-mechanically affected zone (TMAZ) and BM are
marked. Obvious boundaries between the violently
stirred region and BM are observed, indicating the
difference in the microstructure.

Figure 1: Cross-sectional macrostructure of an FSPed specimen

Figure 2: Microstructure of the BM and the central area of the SZ of the FSPed specimens at different rotational speeds: a) BM, b) 1000 min~!,

¢) 1300 min™" and d) 1600 min™!
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Figure 2 shows the microstructure of the BM and the
central area of the SZ of the FSPed specimens at diffe-
rent rotational speeds. As shown in Figure 2a, the BM
contains coarse a-Mg grains with the mean grain size of
~75 pm. After FSP, a complete DRX took place in the
coarse primary a-Mg matrix and fine equiaxed grains
were obtained. Compared to the BM, the grains of the
FSPed specimens became considerably refined. A quan-
titative analysis of the DRXed grain size was conducted
following the EBSD analysis.

Figure 3 shows the inverse pole-figure maps of the
FSPed specimens at different rotational speeds obtained
with EBSD. Black lines represent high-angle grain boun-

Figure 3: Inverse pole-figure maps of the FSPed specimens at diffe-
rent rotational speeds: a) 1000 min~', b) 1300 min~', ¢) 1600 min~!
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daries (HAGB) with a misorientation angle larger than
15° and white lines represent low-angle grain boundaries
(LAGB) with a misorientation angle smaller than 15° but
larger than 2°. The EBSD analysis also confirmed that a
complete DRX took place in these specimens and the
DRXed grain size increased with an increase of the
rotational speed from 1000 min~' to 1600 min-'. The
mean grain sizes of the FSPed alloy were 2.64 um for
1000 min~!, 3.22 pum for 1300 r/min, and 5.20 um for
1600 min~'. In addition, the rotation of the DRXed grains
took place during FSP, showing a visibly preferential
orientation. DRX during FSP is promoted by the
thermo-mechanical effect. The strain rate during FSP is
greatly related to the rotational speed.'® Besides the
strain rate, the thermal input also has a significant
influence on the microstructure evolution during FSP.'7
When the feed speed is kept constant, the increased
rotational speed is accompanied by a great thermal input,
which can induce a coarsening of DRXed grains. There-
fore, the variation in the microstructure is the interac-
tional outcome of the strain rate and thermal input.

Figure 4 shows the {0001} pole figures of the FSPed
specimens at different rotational speeds, where ND, PD
and TD denote the normal direction, the processing
direction and the transverse direction, respectively. As
shown in Figure 4, a strong {0001} basal texture is
formed in the FSPed specimens, with the texture inten-
sity ranging from 83.64 to 105.19.

Figure 5 shows the effect of the rotational speed on
the tensile properties of the FSPed specimens and
Table 1 exhibits detailed data of the tensile properties.
The ultimate tensile strength (UTS), yield strength (YS)
and elongation (EL) of the BM are 164 MPa, 82 MPa
and 14.3 %, respectively. As shown in Figure 5, the
strain-stress curve of the BM shows slip characteristics

(a) {0001} l (b) {0001} I

Max=105.19 Max=86.87
© ™
ND
PD
Max=83.64 / TD

Figure 4: Pole figures of the FSPed specimens at different rotational
speeds: a) 1000 min~!, b) 1300 min~!, ¢) 1600 min~!
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Figure 5: Effect of rotational speed on the tensile properties of FSPed
specimens

at a high YS and low EL, attributed to the initial grain
orientation with a low Schmid factor for the basal slip or
extension twinning. After FSP, the EL of the specimens
increases dramatically, by =158 %. On the other hand,
the YS has a different rate reduction, especially at
1600 min'. The YS at 1600 min~' decreases by 40 % in
comparison with the BM. The UTS of the FSPed speci-
mens is also on the decline. However, the UTS and YS

of the FSPed specimens decrease with an increase in the
rotational speed.

Table 1: Tensile properties of BM and FSPed specimens at different
rotational speeds

Specimens UTS YS Elongation
/ MPa / MPa ! %
BM 164 82 14.3
FSP-1000 min~! 143 79 374
FSP-1300 min™! 133 67 37.0
FSP-1600 min™! 129 53 36.8

Figure 6 shows SEM images of the tensile-fracture
morphologies. As shown in Figure 6a), the tensile
fracture of the BM is characterized by a typical inter-
granular fracture including a cleavage fracture (indicated
by a white arrow) and a large hollow (surrounded by a
black frame) due to the separation of coarse grains. The
orientation of the cleavage plane is related to the angle
between the grain and the tensile axis. It can be seen in
Figure 6b to 6d) that the FSP fracture surface is much
flatter than the BM fracture surface, characterized by a
fine grain fracture due to the unidirectional crack propa-
gation along the banded structure.

As shown in Figure 5 and Table 1, the application of
FSP to the Mg-1A1-0.3Ca-0.3Mn-0.6Zn (w/%) alloy
leads to an increase in the EL of about 158 % in compa-
rison to the BM. As shown in Figure 2, compared to the
BM, the grain sizes of the FSPed alloys are considerably

Figure 6: SEM images of the tensile-fracture morphologies: a) BM, b) 1000 min~!, ¢) 1300 min~" and d) 1600 min™!
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refined. It is well accepted that the grain refinement can
activate non-basal slipping in magnesium alloys, which
can enhance the plastic deformability, and then the EL
increases accordingly. More importantly, the pole figures
from Figure 4 show that after FSP, the FSPed alloy
exhibits an extremely strong {0001} basal texture. The
observed strong distinction in the intensity of texture
components suggests that the dominant plastic deforma-
tion mode is the <a> slip, while the deformation in the
<c> direction is minor. It is also reported that a texture
modification significantly improves the EL of magne-
sium alloys due to the formation of a strong {0001}
basal texture, moving the easy basal-slip system to the
preferred orientation.'® A similar report on a texture
causing an improvement of the ductility was provided by
M. Vargas.”

However, the strength of the BM declines after FSP,
which is not consistent with the Hall-Petch formula. A
previous study of FSPed AZ31 suggested that soft
orientation was the main reason of this phenomenon.?
W. Yuan et al.?! pointed out that the texture would affect
the Hall-Petch relationship since soft orientation of a
basal texture would cause a decrease in the strength,
while hard orientation of a basal texture would make it
difficult for the basal slip system to become activated.
During FSP, a complete DRX and simultaneous grain
rotation contribute to the soft orientation of the basal
texture, causing a decrease in the UTS and YS. More-
over, a strong {0001} texture can also weaken the work-
hardening ability and result in a low UTS (Figure 5).
Therefore, the effect of grain refinement on the strength
is counteracted by the effect of the texture in some
FSPed samples. However, as for FSPed alloys, since the
effect of the texture on the strength is almost the same in
this study, the difference in the grain size shows an
obvious influence on the YS of FSPed specimens and the
FSPed specimen at 1600 min~' with the largest grain size
exhibits the lowest YS among the FSPed specimens.

4 CONCLUSIONS

In this study, the microstructure, texture and mecha-
nical properties of an Mg-1Al-0.3Ca-0.3Mn-0.6Zn alloy
after FSP are systematically investigated. The main con-
clusions are as follows:

1) During FSP, a complete DRX takes place in the
coarse primary a-Mg matrix and a considerable micro-
structural refinement is achieved. DRXed grain sizes
increase with an increase of the rotational speed from
1000 min! to 1600 min~!, which is attributed to the
interactional outcome of the strain rate and thermal
input.

2) After FSP, a strong {0001} basal texture is formed
in the FSPed specimens, with the texture intensity
ranging from 83.64 to 105.19. The texture intensity
peaks of {0001} turn by approximately 30° from the ND
towards the PD.
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3) The EL of the FSPed specimens is significantly
enhanced, by =158 %, while the YS and UTS are
reduced. The variation in the mechanical properties is
due to the grain refinement and strong {0001} basal
texture obtained with FSP.
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