Effects of Calcium on Strength and Microstructural
Evolution of Extruded Alloys Based on Mg-3Al-1Zn-
0.3Mn
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A family of alloys based on the Mg-Al-Zn-Ca-Mn system (Mg-3Al-1Zn-1Ca-0.3Mn,
Mg-3Al1-1.5Zn-0.5Ca-0.3Mn, and Mg-3Al-1Ca-0.3Mn, wt pct) was developed for extrusion.
Their mechanical properties were evaluated by tensile testing at room temperature, and
compared to those of the benchmark Mg-alloy Mg-3Al-1Zn-0.3Mn (AZ31). The microstruc-
tures of the extruded alloys were characterized in detail in order to reveal the effect of Ca on
microstructural evolution, and consequently the alloy strength. The addition of Ca to the AZ31
stifles dynamic recrystallization and grain growth, with only ~30 pct recrystallization and a
recrystallized grain size of ~480 nm. In contrast, the benchmark alloy is essentially completely
recrystallized with an average grain size of ~2.3 um. A high density of low-angle grain
boundaries (LAGBs) and dislocations were observed in Ca-containing alloys, and were
identified as a major factor in the observed strengthening. Such LAGBs form cellular subgrains
predominantly along initial grain boundaries, or newly formed boundaries that are closely
spaced (~ 600 nm) and nearly parallel to the extrusion direction. The subgrains have an ultrafine
size of 100 to 400 nm, and difficult to convert to recrystallized grains. Solute segregation to grain
boundaries was also observed. It is hypothesized that it is the Ca segregation to dislocation cores
along LAGBs that decreases the dislocation mobility and stabilizes LAGBs, by thermodynam-
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ically decreasing the dislocation energy and/or kinetically imposing a solute drag effect.
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I. INTRODUCTION

MAGNESIUM (Mg) is the lightest structural metals
and is now finding increased use in the transportation
industry.l'" ¥ Currently, the most widely used Mg-alloys
for engineering applications are cast alloys, and the
adoption of Mg extrusion alloys has in contrast been
quite limited."*"® Compared with aluminum extrusion
alloys, the Mg extrusion alloys typically have lower
extrudability, poorer corrosion resistance, and lower
strength. Thus, improving the strength of Mg extrusion
alloys would overcome a significant barrier for the wider
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adoption of Mg extrusion alloys. In the last two
decades, considerable efforts have been made to fabri-
cate high-strength Mg extrusion alloys. Essentially, even
without designing a new alloy, the commodity alloy
Mg-3Al-1Zn-0.3Mn (AZ31) extrusion can be signifi-
cantly strengthened by tailoring the grain size to the
submicron scale, via low-temperature extrusion at
175 °C.IV However, low-temperature extrusion leads to
tool wear in an industrial context. If extrusion temper-
ature is increased, then grain growth tends to increase
significantly, leading to coarse-grained structures and
low strength. Therefore, there still remain optimization
possibilities for alloy composition to produce high-
strength Mg extrusion alloys.

With respect to alloy design, the general approach
adopted to date is to add a high concentration of
rare-earth (RE) elements, such as Gd, Nd, Y, etc. For
example, when produced by rapid solidification and hot
extrusion, Mg-6.7Y-2.5Zn alloy has an exceptionally
high strength of ~ 610 MPa, which is comparable to the
high-strength  Al-alloy AA7075-T6."! In addition,
Mg-RE extrusions produced from bulk cast alloys can
also have high strength. The strength of
Mg-10Gd-5.7Y-1.6Zn-0.7Zr alloy is as high as 473
MPa.”! Combined with other thermomechanical pro-
cessing methods, such as rolling, the strength of
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Mg-RE-based alloys can be further increased.!'®'") The
high strength in the Mg-RE-based alloy is caused by the
combined effect of fine grains and effective hardening
from different types nanoprecipitates.”!>!3] Although
the strength of Mg extrusions can be effectively
improved by the major addition of rare-earth elements,
such alloying addition will—rather significantly—
increase the alloy cost and the alloy density.

Several RE-free high-strength Mg extrusion alloys
have been reported to date, predominantly based on the
Mg-Sn-Zn"* 1" and Mg-Ca alloy systems.!'”'®! The
yield strength of Mg-Sn based alloy is up to ~ 370 MPa,
while the yield strength of Mg-Ca-based alloys can be as
high as ~ 420 MPa. Recently, the Ca-containing mag-
nesium wrought alloys have attracted significant
research interests, as the Ca-containing alloys have
demonstrated several advantageous mechanical proper-
ties. For those alloys with high Ca concentration, e.g., >
2 wt pct, much beyond the solubility of Ca in Mg (~ 1
wt pet at 500 °CHU™), the high strength alloy can be
fabricated via extrusion. For example, the Mg-3.5A1-3.3-
Ca-0.4Mn alloy has a yield strength of 410 MPa.l'”
Given that Al and Ca are comparatively cheap and
light-weight elements compared to RE and Sn, the
low-cost Mg-Al-Ca-Mn-based alloys are anticipated
candidates to replace expensive Mg-RE-based alloys
for high-strength applications. Recent research in this
field focuses on the alloys with dilute Ca addition, which
is an effective replacement of RE, because the dilute Ca
addition to Mg-(Al)-Zn-based alloy can also weaken
basal texture,”>¥ improving ductility and formabil-
ity,[24’27] alter deformation mechanism,”®?” and
increase extrudability.?%*!! However, the significant
strengthening effect caused by microalloying of Ca has
not yet been reported.

Having demonstrated that the high-strength Mg-Al-
Ca-Mn alloys can be produced, the strengthening
mechanism has not been systematically studied yet.
For example, if Ca is added to the AZ31 alloy, how
much strengthening can be induced by the Ca addition?
In the previous report,l'”! the strengthening mechanism
is qualitatively attributed to the combined effect of
dynamically recrystallized fine grains, nanoscale precip-
itate, and a strong basal texture. What is the major
factor for the high strength of an Mg-Al-Ca-Mn alloy?
If the Ca concentration is decreased to dilute level, will
the high strength in the Mg-Al-Ca-Mn alloy be retained?
In order to clarify the effect of Ca on alloy strengthen-
ing, Mg-3Al-1Zn-1Ca-0.3Mn,  Mg-3Al-1.5Zn-0.5-
Ca-0.3Mn, and Mg-3Al-1Ca-0.3Mn alloys are
prepared in this study. AZ31 alloy is the benchmark
alloy. After extrusion under the same condition, the
alloy strengths are measured, and their microstructures
are characterized to establish the composition—mi-
crostructure—property relationship. Using the advanced
characterization techniques such as high-resolution
transmission Kikuchi diffraction (TKD), the effects of
Ca addition on the microstructural evolution during the
extrusion process is clearly illustrated, allowing the
origin of the Ca-alloying-induced strengthening to be
discussed.
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II. EXPERIMENTAL PROCEDURES

Magnesium alloys Mg-3A-1Zn-0.3Mn, Mg-3Al-1Zn-
0.5Ca-0.3Mn, Mg-3Al-1Zn-1Ca-0.3Mn, and Mg-3Al-1-
Ca-0.3Mn were cast at 760 °C under argon atmosphere
protection. The as-cast ingots were homogenized at
400 °C for 24 hours, and then quenched in cold water.
The as-homogenized ingots were extruded from 35 mm
to 8§ mm in diameter at 210 °C and 250 °C with a ram
speed of 0.1 mmy/s, and at 300 °C with a ram speed of 0.8
mm/s. The as-extruded bars were machined to tensile
test samples with a gauge length of 10 mm. The tension
tests were performed at the Instron 4505 machine at
room temperature, with the crosshead displacement
speed of 0.6 mm/min, corresponding to the initial strain
rate of 107°/s. Three specimens were tested for each
condition.

The samples for X-ray diffraction (XRD) and electron
backscattered diffraction (EBSD) were polished using
silicon carbide paper and 50-nm-diameter silica suspen-
sion. The samples for TKD and scanning transmission
electron microscopy (STEM) were 3-mm-diameter
disks, prepared by mechanical grinding to 0.05 mm
and ion polishing using Gatan precision ion-polishing
system at 4.8 kV and 4 °C and — 60 °C until a hole is
formed in the sample. ~ ~

Diffraction profiles of (1010), (0002), and (1011)
peaks were measured using a Bruker D8 Advance X-ray
diffractometer using Cu-Ko radiation (4 = 0.154 nm)
operating at 40 kV and 40 mA. Sample dislocation
density was calculated from the half-width of the
diffraction peaks using TOPAS 4.2 software. Sample
texture was measured using GBC-MMA diffractometer
using Cu-Ka radiation operating at 40 kV and 25 mA.
The (0002), (1010), (1011), and (1012) pole figures were
collected on a 5 deg grid up to 75 deg sample tilt. Data
were analyzed using the Textool software to generate
orientation distributions and recalculate pole figures.

EBSD and TKD were performed using a FEI 3D
Quanta FEG scanning electron microscope equipped
with a Pegasus Hikari detector and with a TSL-OIM
control system. EBSD technique was used to character-
ize the AZ31 samples extruded at 250 °C and 300 °C,
which were fully recrystallized with a grain size above 1
um. For the partially recrystallized samples (Ca-con-
taining alloys), or for the recrystallized sample but with
the grain size smaller than 1 um (AZ31 extruded at
210 °C), TKD technique was used. For TKD, rather
than using the bulk sample, the electron transparent
sample, e.g., thin foil for TEM, was used, and the
diffraction source volume is consequently reduced sig-
nificantly. Compared with conventional EBSD, TKD
provides much higher spatial resolution, with the
resolution of down to 2 nm.*?! Moreover, TKD will
provide much-improved indexing rate for the heavily
deformed sample, which is always a problem faced while
using conventional EBSD. This is because the high
dislocation density and lattice distortion in the deformed
sample will interact with an incident electron beam,
leading to the blurred or missing Kikuchi pattern.**
Consequently, a heavily deformed sample or area, such
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as shear bands, which cannot be characterized by
EBSD, can be clearly observed using TKD method.
Therefore, TKD method is especially a suitable char-
acterization method for the current study, as a high
resolution and indexing rate are required to charac-
terize the deformed microstructure and the early-stage
configuration of recrystallized grains which have
ultrafine size.

The step sizes used for EBSD and TKD were 250 nm
and 15 nm, respectively. The EBSD and TKD data were
processed using software TSL OIM 7. The high-angle
grain boundary (HAGB) is defined as the boundary with
misorientation > 15 deg,** while the low-angle grain
boundary (LAGB) is the boundary with misorientation
between 2 and 15 deg. Grain is defined as the cellular
structure enclosed by HAGB, and subgrain is the
cellular structure enclosed by LAGB. The size of a
grain is represented by the equivalent diameter that was
calculated from the measured grain area by equation

24 /m The average grain size under each condition

was calculated by analyzing all grains in a single EBSD
or TKD scan.

In-grain misorientation axis analysis is used to qual-
itatively estimate the geometrically necessary dislocation
(GNDs) of different types in the extruded samples.
GNDs are the dislocations that are statistically stored in
materials, and contribute to the lattice orientation
gradient.’” By measuring misorientation between
neighboring pixels in EBSD scanning, the misorienta-
tion axis (Taylor axis)—the crystallographic axis that
crystal lattice under the action of GND bending
around—can be calculated. The distribution of Taylor
axis can provide qualitative information about the
relative content of GNDs in different types. This method
is known as in-grain misorientation axis analysis
(IGMA), and has been introduced to analyze GNDs
in Mg alloy by Miller et al.,*® Chun er al,*® and
Hadorn et alP” In brief, the Taylor axis [0001]
corresponds to prismatic {1010} (1210) dislocation
slip, while basal (0001) (1210) and pyramidal IT {1122}
<1123> dislocation slips have the same Taylor axis
(1100). IGMA analysis was performed in HKL Channel
5 software package as per the following procedures: (1)
selecting a deformed grain, (2) exporting orientation
information of the highlighted grain to an ‘ang’ format
file, (3) importing to HKL Mambo and plotting
misorientation axes for all possible neighboring mea-
surement-point pairs in a standard unit triangle, and (4)
contouring the density of the misorientation axes with
the unit of mud (multiples of the uniform distribution).
The minimum and maximum misorientation angles
included in the analysis are set at 0.5 and 5 deg,
respectively.

The atomic-resolution high-angle annular dark field
(HAADF)-STEM images were obtained using a dou-
ble-corrected FEI Titan 80 to 300 transmission electron
microscope operating at 300 kV. A 15-mrad convergence
semi-angle was used, corresponding to 0.12 nm resolu-
tion. Energy-dispersive X-ray spectroscopy (EDXS) maps
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were obtained in STEM mode using a FEI F20 trans-
mission electron microscope equipped with a Bruker
XFlash 6TI30 EDX detector.

III. RESULTS

A. Mechanical Property and Microstructure
of Mg-Al-Zn-Ca-Mn and AZ31 Extrusion Alloys

Figures 1(a) through (c) show the engineering stress—
strain curves of AZ31 and Mg-3Al-1Zn-1Ca-0.3Mn
alloys extruded at different temperatures. After extru-
sion at 210 °C, AZ31 and Mg-3Al-1Zn-1Ca-0.3Mn
alloys had a yield strength of 355 MPa and 414 MPa,
respectively. However, the total elongation of the
Mg-3Al-1Zn-1Ca-0.3Mn alloy was very low—only
~2.5pct. When the extrusion temperature was
increased to 250 °C, the yield strength of
Mg-3Al-1Zn-1Ca-0.3Mn alloy was almost unchanged,
but the total elongation was enhanced to ~ 7 pct. In
contrast, the yield strength of AZ31 was decreased from
355 MPa to 317 MPa, after the extrusion temperature
was increased from 210 °C to 250 °C. The further
increase in extrusion temperature to 300 °C led to the
decreased yield strength: 330 MPa for Mg-3Al-1Zn-1-
Ca-0.3Mn and 242 MPa for AZ31. The mechanical
properties of AZ31 and Mg-3Al-1Zn-1Ca-0.3Mn alloys
extruded at different temperatures are summarized in
Table 1. It can be seen that the Ca addition led to the
most significant strengthening effect when the alloy was
extruded at 250 °C.

In order to optimize the tensile property, the extrusion
temperature and speed were kept at 250 °C and 0.1 mm/
s, but the alloy composition was modified to
Mg-3Al-1.5Zn-0.5Ca-0.3Mn and Mg-3Al-1Ca-0.3Mn.
When the Zn:Ca ratio was changed from 1:1 to
1.5:0.5, the yield strength of  resultant
Mg-3Al-1.5Zn-0.5Ca-0.3Mn dropped to 380 MPa,
Figure 1(d). In another case, when the Ca concentration
was kept at 1 wt pct, but Zn was removed from the
Mg-3Al-1Zn-1Ca-0.3Mn alloy, the yield strength of
the resultant Mg-3Al-1Ca-0.3Mn alloy was only
dropped slightly from 413 MPa to 408 MPa. After the
extrusion temperature increased to 300 °C, both
Mg-3Al-1.5Zn-0.5Ca-0.3Mn and Mg-3Al-1Ca-0.3Mn
alloys had decreased strengths, about 323 MPa and
338 MPa, respectively.

Two points can be drawn from the tensile tests. (i) Ca
is more important for strengthening than Zn in the
Mg-Al-Zn-Ca-Mn alloys. Whilst the addition of 1
wt pct Ca to Mg-Al-Zn-Mn alloy resulted in a greater
strengthening effect of 88 to 96 MPa, the addition to 1
wt pct Zn to Mg-Al-Ca-Mn alloy only led to a marginal
increment in strength. (i) Mg-Al-Zn-Ca-Mn based alloy
can achieve high strength over 400 MPa and reasonable
ductility after they are extruded at 250 °C. Therefore,
alloys extruded at 250 °C are examined in detail in the
following sections.

Figures 2(a) through (d) show the microstructures
of AZ31, Mg-3Al-1Zn-1Ca-0.3Mn, Mg-3Al-1.5Zn-0.5-
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Fig. 1—Tensile stress—strain curves of AZ31 and Mg-3Al-1Zn-1Ca-0.3Mn alloys extruded at (a) 210 °C, (b) 250 °C, and (c¢) 300 °C in the tensile
test at room temperature, and (d) Mg-3Al-1.5Zn-0.5Ca-0.3Mn and Mg-3Al-1Ca-0.3Mn alloys extruded at 250 °C and 300 °C.

Ca-0.3Mn, and Mg-3Al-1Ca-0.3Mn alloys extruded at
250 °C. The AZ31 was recrystallized with fully equiaxed
grains. The averaged grain sizes of AZ31 was 2.3 um
(Figures 2(a) and (e)). In contrast, the Mg-3Al-1Zn-1-
Ca-0.3Mn alloy was partially recrystallized with large
deformed grains and small recrystallized grains. For the
Mg-3Al-1Zn-1Ca-0.3Mn alloy, the area fraction of
recrystallized grain was 30 pct and the averaged size of
recrystallized grains was 0.48 um (Figures 2(b) and (f)).
When the deformed grains and subgrains were taken
into account, the average grain size of Mg-3Al-1Zn-1-
Ca-0.3Mn alloy was about 1.6 um, and HAGBs took
about 42 pct of the grain boundaries.

Compared with Mg-3Al-1Zn-1Ca-0.3Mn alloy, the
Mg-3Al-1.5Zn-0.5Ca-0.3Mn alloy had a larger area frac-
tion of recrystallized grains (55 pct), a larger recrystallized
grain size (0.71 pum in average), and a higher fraction of
HAGBs (48.9 pct), Figure 2(c). With respect to the
Mg-3Al-1Ca-0.3Mn alloy, it had a microstructure similar
to that of Mg-3Al-1Zn-1Ca-0.3Mn alloy despite the
absence of Zn (Figure 2(d)), and the size and fraction of
recrystallized grains were ~ 0.48 um and ~ 30 pct, respec-
tively. The HAGBs were ~ 38.5 pct of grain boundaries.
The averaged grain sizes including the deformed grains
and subgrains were measured to be 2.6 ym and 2.1 um for
the Mg-3Al-1.5Zn-0.5Ca-0.3Mn  (Figure 2(g)) and

METALLURGICAL AND MATERIALS TRANSACTIONS A

Mg-3Al1-1Ca-0.3Mn alloys (Figure 2(h)). These microstruc-
tural features are listed in Table II.

Macrotexture of alloys were measured using X-ray
diffraction (Figure 3(a) through (d)). The results sug-
gested that the AZ31 benchmark and Ca-containing
alloys had (1010)//ED fiber texture, i.e., the (1010) axis
was nearly parallel to the extrusion direction. However,
the intensity of (1010)//ED texture was different for
each alloy. After extrusion at 250 °C, the AZ31 alloy
had the weakest (1010)//ED texture of 5.6 mrd. With
the 1 wt pct addition of Ca, the Mg-3Al-1Zn-Ca-0.3Mn
alloy had an increased texture intensity to 7.3 mrd. The
higher texture intensity in the Mg-3Al-1Zn-1Ca-0.3Mn
alloy was caused by the preservation of the deformed
grains that were not recrystallized during the extrusion
process. These deformed grains had strong (1010)//ED
texture. When the Zn and Ca concentrations were
changed to 1.5 and 0.5 pct, respectively, the texture
intensity of Mg-3Al1-1.5Zn-0.5Ca-0.3Mn alloy was
increased to 8.8 mrd. An even higher intensity of
(1010)//ED texture, about 10.8 mrd, was observed after
Zn was removed from the Mg-3Al-1Zn-1Ca-0.3Mn
alloy. Therefore, the combined additions of Zn and Ca
in 1 wt pct in the Mg-3Al-1Zn-1Ca-0.3Mn alloy gave
rise to the weakest texture.
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Table 1.

Tensile Properties of Alloys Extruded at 250 °C and 300 °C

Alloy Extrusion Temperature °C TYS (MPa) UTS (MPa) Tensile Strain
Mg-3Al-1Zn-0.3Mn 250 317 £ 7 350 £ 2 0.142 + 0.006
300 242 + 2 313+ 6 0.198 + 0.011
Mg-3Al-1Zn-0.5Ca-0.3Mn 250 380 £ 6 420 £ 3 0.051 + 0.003
300 330 £ 3 360 + 4 0.135 + 0.01
Mg-3Al-1Zn-1Ca-0.3Mn 250 413 £ 4 432+ 5 0.075 + 0.008
300 323+ 6 356 + 3 0.118 + 0.005
Mg-3Al-1Ca-0.3Mn 250 408 £ 2 432+ 7 0.065 + 0.009
300 338+ 9 372+ 2 0.096 £ 0.006
15 20
AZ31 f Mg-3Al-1Zn-1Ca-0.3Mn
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Fig. 2—TKD-orientation maps of (a) AZ31 (b) Mg-3Al-1Zn-1Ca-0.3Mn (¢) Mg-3Al-1.5Zn-0.5Ca-0.3Mn and (d) Mg-3Al-1Ca-0.3Mn alloys
extruded at 250 °C. (e through /) Histograms showing grain size distribution (including subgrains) of the alloys.

Table II. Microstructural Characteristics of Alloy Extruded at 250 °C

Grain Size  Area Frac- Size of (1010)

Including tion of DRXed Texture Dislocation

Subgrains DRXed Grains Intensity ~ Taylor Density HAGB 0Opags
Alloy (pum) Grains (um) (mrd) Factor (x10'*/m?) Fraction (deg)
Mg-3Al-1Zn-0.3Mn 2.3 1 5.6 2.5 3.35 0.69 4.0
Mg-3Al-1.5Zn-0.5Ca-0.3Mn 2.6 0.44 0.61 8.8 3.7 5.68 0.48 4.2
Mg-3Al-1Zn-1Ca-0.3Mn 1.6 0.30 0.48 7.3 3.3 7.20 0.42 4.8
Mg-3Al-1Ca-0.3Mn 2.1 0.29 0.48 10.8 4.2 4.13 0.39 44

Figures 3(e) through (g) show the XRD 6-26 scanning
profile of diffraction of (1010), (0002), and (1010)
crystal planes, respectively. The diffraction profiles were
analyzed by assuming that the peak broadening is
related to grain refinement and microstrain induced by
dislocations.®™® By fitting the scanning profiles of
(1010), (0002), and (1011) peaks using the Double-Voigt
approach,*! the peak broadening induced by individual
dislocations and grain refinement can be differentiated.
The microstrains caused by dislocations in the AZ31
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benchmark, Mg-3Al-1Zn-1Ca-0.3Mn, Mg-3Al-1.5Zn-
0.5Ca-0.3Mn, and Mg-3Al-1Ca-0.3Mn alloys were esti-
mated to be 7.3 x 107%, 1.1 x 1073, 0.9 x 10*, and
0.8 x 107*, respectively. Dislocation density (p) was
subsequently estimated from the microstrain (e) accord-
ing to the following equation!**!:

4me?
PEapr (1]
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Fig. 3—XRD inverse pole figures along extrusion direction of (a)
AZ31, (b) Mg-3Al-1Zn-1Ca-0.3Mn, (¢) Mg-3Al-1.5Zn-0.5Ca-0.3Mn,
and (d) Mg-3Al-1Ca-0.3Mn alloys extruded at 250 °C. XRD 6-20
scan showing the diffraction peaks of (e) (1010), (/) (0002), and (g)
(1011) crystal planes of samples extruded at 250 °C.

where C is a constant that was determined as 0.19483 for
Mg by Dragomir’s work,*"! and b is the Burger’s vector
(3.2 x 107" m for Mg). The measured dislocation
densities are shown in Table II.

B. Effect of Ca Addition on Microstructural Evolution
During Extrusion

In order to reveal how Ca addition affected the
microstructure of extruded alloys, the AZ31 benchmark
and the Mg-3Al-1Zn-1Ca-0.3Mn alloy extruded at
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250 °C were selected as the representatives. The sample
microstructures at different positions in the extrusion die
were examined, which demonstrated the microstructural
evolution during extrusion (Figure 4). At the location
before the die entrance, the Mg-3Al-1Zn-1Ca-0.3Mn
alloy exhibited the typical as-deformed microstructure
(Figure 4(a)). Lenticular twins were observed in
deformed grains with intragranular orientation gradient.
These twins had 86 deg (1120) relationship to the
surrounding matrix, and therefore they were extension
twins (ETs). In the same location of the AZ31 alloy, a
banana-shaped band was observed within the deformed
matrix (Figure 4(b)). The band was composed of large
elongated grains and many small equiaxed grains. The
examination of grain orientation demonstrated that the
elongated grains had a nearly 56 deg (1120) orientation
relationship to the surrounding deformed matrix, and
therefore, they were contraction twins (CTs). Dynamic
recrystallization (DRX) was also observed in the band.

In the half-way position where the cross section of
extrusion was reduced from 35 to about 15 mm, both
AZ31 benchmark and Mg-3Al-1Zn-1Ca-0.3Mn alloy
were partially recrystallized. In the Mg-3Al-1Zn-1-
Ca-0.3Mn alloy, the recrystallized grains were observed,
but they only occupied a minor area fraction, ~ 20 pct
(Figure 4(c)). The averaged grain size was about 0.50
um in diameter. There were numerous boundaries nearly
parallel to the extrusion direction within the deformed
grains. The recrystallized grains were observed along
these boundaries. At the same position of the AZ31
alloy, the area fraction of recrystallized grain was
~70 pct, and the deformed grains were surrounded by
recrystallized grains (Figure 4(d)). The average size of
recrystallized grains was 1.4 um in diameter.

At the exit of the die, Mg-3Al-1Zn-1Ca-0.3Mn alloy
was still partially recrystallized. The deformed parent
grains can still be recognized. For example, there were
two deformed grains shown in Figure 4(¢), colored
green and red, respectively, in the orientation map. The
area fraction of recrystallized grains was increased to
about 30 pct. The average size of recrystallized grains
was similar to those shown in Figure 5(d), about 0.52
um in diameter. In contrast, the AZ31 alloy was fully
recrystallized (Figure 4(f)). The averaged grain size was
increased to 1.8 um in diameter.

1. Microstructural evolution in AZ31

The area highlighted by the dark rectangles in
Figure 4(b) was closely examined to elucidate the early
stage of recrystallization in the AZ31 alloy. This area
was comparatively simple, containing only few recrys-
tallized grains. It was observed that recrystallized grains,
labeled 1 and 2, originated from a CT (Figures 5(a)
through (b)). Grains 1 and 2 had similar orientations to
the CT, but the dark contrast in image-quality map
(Figure S(Zc)) showed that they had well-defined
LAGBs.*¥ These grains had a small size, only about
0.5 um in diameter. The misorientation histogram along
the yellow dashed line showed that boundary angle
between Grain 1 and Grain 2 was ~2 deg, while that of
Grain 2 and CT was ~5 deg (Figure 5(d)). Grains 1 and
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Fig. 4—TKD orientation maps showing sample microstructures at (a, b) entrance of die, (¢, d) half-way in die, and (e, f) exit of die for (a, c, e)
Mg-3Al-1Zn-1Ca-0.3Mn and (b, d, f) AZ31. Grain boundaries in dark and white indicating HAGBs and LAGBs, respectively.

2 were formed via subdivision of contraction twins by
the formation of LAGBs. This DRX process is known
as the twin-induced DRX, which was previously
reported for Mg alloys.!**!

Compared to the recrystallized grains formed within
twins, more grains were formed in the matrix near twin
boundaries. These grains, numbered 3 to 7, were difficult
to be identified in the orientation map (Figure 5(a)),
because they had similar orientations to the matrix.
However, as highlighted by the blue arrows in the
image-quality map (Figure 5(c)), well-defined LAGBs
were observed as a signature of DRX. The orientation
relationships of grains 3 to 7 to the matrix were 5.1 deg
[31214], 7.7 deg [21318], 6.1 deg [21120], 3.4 deg [21126] ,
and 3.1 deg [10118], respectively. The misorientation
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axis was almost close to the [0001] axis. The size of these
grains ranged from 0.4 to 1 um in diameter.

With the progress of extrusion, the deformation twins
in the AZ31 alloy were not observed. In the grains
highlighted by the dark rectangle in Figure 4(d), numer-
ous subgrains were observed along the grain boundaries
(Figure 6(a) through (c)). These subgrains had similar
orientations to their deformed parent grain. A large
orientation gradient was observed from the boundary to
the center of the deformed grain, and the orientation
was measured to vary nearly linearly along the dark line
in Figure 6(d). Once the subgrains were formed, the
total orientation gradient did not change, but the
orientation gradient within the subgrains was greatly
reduced (the blue line in Figure 6(d)). In another
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Fig. 5—(a) TKD orientation map, (b) pole figure, and (c¢) image-quality map showing deformation twins and dynamically recrystallized grains
within twin bands in Mg-3Al-1Zn-0.3Mn (AZ31) alloy. Histograms showing point-to-point misorientation along (d) yellow and (e) red line

profiles in the image-quality map.

deformed grain of the AZ31 alloy (Figures 6(e) and (f)),
LAGRBs highlighted by the arrows in Figure 6(f) were
observed to subdivide the deformed grains into several
smaller ones with similar orientation to each other. The
smaller grains had an irregular shape and the significant
orientation gradient; therefore, such grains were still
deformed grains.

2. Microstructural evolution
in the Mg-3A1-1Zn-1Ca-0.3Mn alloy

The DRX behavior of the Mg-3Al-1Zn-1Ca-0.3Mn
alloy was examined. Figure 7(a) shows an ET, which
was intersected by a CT. The ET and CT had 86 deg
(1120) and 56 deg (1120) orientation relationship to the
matrix, respectively (Figure 7(b)). In the band that was
composed of two contract twins and matrix between
them (highlighted by the green dashed lines in
Figure 7(c)), dense LAGBs were observed, and they
subdivided the band into fine and dense cellular sub-
grains. The average size of the cellular grains was
ultrafine, about 0.1 to 0.3 um in diameter. In addition to
the twin band, there were microbands with a high
density of LAGBs nearly along the extrusion direction
(highlighted by the red dashed lines in Figure 7(c)).

With the progress of the extrusion process, the
microbands in the Mg-3Al-1Zn-1Ca-0.3Mn alloy could
be observed more clearly in the deformed grains.
Figure 8a shows three microbands, numbered 1, 2, and
3, which contained one or two layers of fine
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recrystallized grains. Among these bands, bands 2 and
3 were parallel and along the extrusion direction, while
band 1 (highlighted by the dark rectangle) intersected
the band 2 (highlighted by the orange rectangle). A
closer examination showed that the grains in the
microbands 2 and 3 did not have any twin orientation
relationship with the matrix or to each other. In
contrast, the microband 1 was essentially composed of
deformation twins, including CT, contraction—contrac-
tion double twins (DT), and contraction—extension
double twins (CT-ET), Figure 8(b). The image-quality
map (Figure 8(c)) showed that LAGBs were formed in
the CT, DT and CT-ET double twin, and then subdi-
vided the twins to a cellular subgrains, which repre-
sented the early-stage configuration of recrystallized
grains. Although some subgrains formed in the twins,
the number of these subgrains was much less than the
number of recrystallized grains in the microbands 2 and
3. Therefore, the twin-induced nucleation was identified
as a minor mechanism of DRX in the Mg-3Al-1Zn-1-
Ca-0.3Mn alloy.

Having established that recrystallization behavior in
microbands 2 and 3 is more important, how the
recrystallized grains formed in these microbands needs
to be further investigated. In order to reveal the origin of
DRX in microbands, the grain boundaries right next to
the microband 3 were examined. These boundaries were
highlighted by a red rectangle in Figure 8(a) and
numbered microband 4. In microband 4, two long and
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Fig. 6—(a) TKD orientation map of a partially recrystallized AZ31 alloy, and (b, ¢) TKD orientation and (¢, f) image-quality map of two
deformed grains. (d) Histograms showing point-to-origin misorientation along line profiles in (c).

Fig. 7—(a) TKD orientation map, (b) (0002) pole figure, and (c) image-quality map of a partially recrystallized Mg-3Al-1Zn-1Ca-0.3Mn alloy.
Grain boundaries in dark and white color indicating HAGBs and LAGBs, respectively.

straight boundaries were observed parallel to the extru-
sion direction. The interboundary space was ~ 600 nm
(Figure 9(a)). The left boundary had an average misori-
entation of about 18 deg. The right boundary was still a
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LAGB, whose average misorientation was 8.3 deg. The
superimposition of orientation map and image-quality
map (Figure 9(b)) showed a string of subgrains, which
had a straight linear-chain configuration along the
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Fig. 8—(a) TKD orientation map of a partially recrystallized Mg-3Al-1Zn-1Ca-0.3Mn alloy. (b) Magnified TKD, (c¢) image-quality map, and (d)
(0001) pole figure showing matrix, twins and subgrains.

Fig. 9—Magnified illustration of grains and subgrains highlighted by (a through d) red and (d through g) orange rectangles in Fig. 8a in (a, ¢)
orientation map, (b, f) image-quality map, and (c) KAM map, and (d, g) (0002) pole figure. Dark line in orientation map indicating HAGBs.
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extrusion direction. These subgrains were identified as
an early-stage state of first-generation recrystallized
grains. On the LAGB of first-generation subgrains,
several cellular subgrains highlighted by light-blue
arrows were formed. The size of these second-generation
cellular subgrains was even smaller, only about 100 to
150 nm in diameter. The KAM map showed the high
stored energy of the LAGBs compared to the matrix
(Figure 9(c)).*" The first and second generations of
recrystallized subgrains in the microband 4 had similar
orientations (Figure 9(d)). As an example of later stage
of DRX, the recrystallized grains in the microband 2
(Figures 9(e) through (g)) had larger misorientations (up
to ~ 30 deg). On the boundary of recrystallized grains,
more cellular subgrains were observed microband 4
(Figure 9(¢)), which had an ultrafine grain size of about
~ 100 nm in diameter. Therefore, the DRX initiated
from the microbands and progressed continuously in the
Mg-3Al-1Zn-1Ca-0.3Mn alloy.

The DRX in microbands was widely observed in the
Mg-3Al-1Zn-1Ca-0.3Mn alloy. The grain shown in
Figure 10 had a different orientation to the grain in
Figure 9, but the similar DRX behavior originating
from microband was also observed. Within the grain
shown in Figure 10(a), a pair of boundaries were also
observed nearly parallel with the extrusion direction.
The averaged grain boundary misorientations were
about 20 deg (red arrow) and 10 deg (white arrow).
These two boundaries formed a microband, with the
interboundary space ranging from 500 to 800 nm. In the
microband, there were dense LAGBs and numerous
cellular subgrains (highlighted by red arrows in
Figure 10(b)). These cellular subgrains had similar
orientations to its parent grain. The superimposition
of orientation map and KAM map (Figure 10(c)) shows
that the LAGBs had much higher KAM value, indicat-
ing higher misorientation and stored energy.’”! The
measurement showed a high accumulated misorienta-
tion (> 30 deg) along with white dashed line that crossed
the band.

In some local areas of the partially recrystallized
Mg-3Al-1Zn-1Ca-0.3Mn alloy, recrystallized grains
were the major fraction (Figure 11). Under this circum-
stance, the residual deformed grains were highly elon-
gated and had high in-grain misorientation. The LAGBs
formed a network, which subdivided the residual
deformed grains into numerous subgrains with different
orientations, which were demonstrated by different
colors of subgrains (Figures 11(a) and (b)). Along the
dark, dashed line across the deformed grain, the
orientation gradient was large, up to 30 deg
(Figures 11(a) and (c)). It is expected that the recrystal-
lized grains, which originated from these subgrains,
would have randomized grain orientations, leading to
texture weakening of the whole sample after full
recrystallization.

3. Grain boundary segregation in extruded
Mg-Al-Zn-Ca-Mn alloys

Grain boundaries of the extruded Mg-Al-Zn-Ca-Mn
alloys were further examined using the EDS-STEM
technique (Figure 12). Second-phase particles were
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absent in most grain boundaries. Instead, solute segre-
gation to grain boundaries was commonly observed. In
the Mg-3Al-1Zn-1Ca-0.3Mn alloy, Al, Zn, and Ca were
cosegregated to the grain boundary. When the Ca
concentration was decreased from 1 to 0.5 wt pct, the
cosegregation of Al, Zn, and Ca to grain boundary still
occurred, but the segregation of Ca to grain boundary
became less significant. In the Mg-3Al-1Ca-0.3Mn alloy,
cosegregation of Al and Ca to grain boundary was
clearly observed. In the Ca-containing alloys, Mn atoms
did not segregate to grain boundaries, but form Al-Mn
particles.

In addition to the HAGBs, the solute segregation
was also observed in LAGBs. For example, the
boundary shown in Figure 13 was composed of an
array of edge dislocations, leading to a misorientation
of 10 deg. The distance of dislocation cores in the
low-angle grain boundary was about ~1.8 nm. The
high contrast in the HAADF-STEM image at the
dislocation cores indicated the solute segregation to the
dislocation cores.

1IV. DISCUSSION
A. Identification of Ca-Induced Strengthening Factors

In the present study, the experimental results show
that the Ca addition to AZ31 benchmark leads to a
significant strength increment, which is due to the
combined effect of strengthening induced by solutes,
dislocations, particles, and grain boundaries. Texture
also affects the alloy strength,*>*¥ but it is not
commonly regarded as an independent strengthening
mechanism. A stronger basal texture leads to higher
strength predominantly by enhancing the effectiveness
of other strengthening mechanisms such as dislocation
strengthening and boundary strengthening. In this
section, the major contributors to the strength of alloys
in this study will be identified.

The contribution of dislocations to strengthening
(denoted g4) can be estimated using the following
equation.

a4 = oMGb /p, 2]

where « is a constant (= 0.2), G is the shear modulus of
Mg (17 GPa), b is the Burgers vector of the gliding
dislocations for Mg (b = 0.32 nm), M is the Taylor
factor for tensile deformation along the extrusion
direction, and p is the dislocation density measured by
XRD. The dislocation density can also be indicated by
the TKD results, in which the distribution of geometric
necessary dislocation (GND) is calculated using TSL
OIM software. The Burgers vector input is 0.32 nm for
Mg and the maximum in-grain misorientation cutoff is
15 deg. The distribution of GND is shown in Figure 14.
It is shown that, qualitatively, AZ31 has the lowest
GND density (1.27 x 10'*/m?) while the Mg-3Al-1Zn-1-
Ca-0.3Mn has the highest GND (4.36 x 10"/m?), which
is consistent to the XRD result. Moreover, the density of
GND estimated using EBSD is in the same order as the
density of dislocation measured by XRD. However, the
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Fig. 10—(a) TKD orientation map, (b) image-quality map, (¢) orientation-KAM map, and (d) (0002) pole figure of a deformed
Mg-3Al-1Zn-1Ca-0.3Mn alloy, viewed along nearly [0001] axis. (¢) Histogram showing the misorientation-to-origin along line profile in (c).

Grain boundaries in dark indicating HAGBs.

dislocation density measured by XRD is more convinc-
ing, as XRD measurement counts both GND and
statistically stored dislocation (SSD), which both con-
tribute to dislocation strengthening.

Taylor factor (M) for each alloy is calculated from
their textures, using OIM TSL software. The input
parameters for the calculation of M-value also include
the critical resolved shear stresses, which are 50 MPa for
basal slip and 100 MPa for prismatic slip.*”) The
dislocation density and Taylor factor values for each
alloy are listed in Table II. Using Eq. [2], the dislocation
strengthening in AZ31 is estimated as ~ 42 MPa. The Ca
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addition increases the dislocation strengthening incre-
ment to the range 93 to 99 MPa.

With respect to grain boundary strengthening, both
HAGBs and LAGBs can strengthen alloys. In a
partially recrystallized sample, the strengthening incre-
ment induced by HAGBs (denoted opyagp) can be
expressed by the modified Hall-Petch equation:1*°

onsce = k /\/DJf. 3]

where k is a constant of 190 MPa um'’? for the extruded
AZ31 alloy, based on the previous experiments in the
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Fig. 11-—(a) TKD-orientation map and (b) orientation-KAM map
of a deformed Mg-3Al-1Zn-1Ca-0.3Mn alloy in the partially
recrystallized region. (¢) Histogram showing the misorientation-to-
origin along line profile in (a).

same condition;/” and fis the fraction of HAGBs among
grain boundaries, which is 69 pct for the benchmark
AZ31. D is the averaged grain size including subgrains,
which is 2.3 um for the AZ31 (Table 11). Using Eq. [3],
the contribution of HAGBs to the strength of the
benchmark AZ31 is calculated to be of 104 MPa.

The k-values for the Ca-containing alloys were also
calculated. By fitting the yield strength and density of
HAGBs (ﬁ) of the samples extruded at 250 °C and

300 °C, the k-values were calculated to be about 194
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MPa um'” for Mg-3Al-1.5Zn-0.5Ca-0.3Mn, 212 MPa
um'’? for Mg-3A1-1Zn-1Ca-0.3Mn alloy, and 245 MPa
pum'? for Mg-3Al-1Ca-0.3Mn. Compared with the
AZ31 benchmark, the Ca-containing alloys have higher
k-values, which is likely to be caused by stronger alloy
texture.*> ¥ Based on Eq. [3], the strengthening incre-
ment induced by HAGBs was calculated to be ~ 108
MPa in the Mg-3Al-1Zn-1Ca-0.3Mn and 105 MPa in
the Mg-3Al-1Ca-0.3Mn, which are similar to that of the
benchmark AZ31. For the Mg-3Al-1.5Zn-0.5Ca-0.3Mn
alloy, the HAGB-induced strengthening increment is
lower, about 84 MPa. Therefore, the HAGB-induced
strengthening is not the key factor for the higher
strength of the Mg-Al-Zn-Ca-Mn alloys than that of
AZ31.

The contribution of LAGB (o1 aGg) can be expressed
by the following equation:

3b0aGe(1 — )

oLage = aMG D )

[4]
where 0 agp i1s the misorientation angle (in radian) of
the LAGBs. Using Eq. [4], the LAGB-induced strength-
ening in the AZ31 alloy is found to be only about 22
MPa. With the dilute addition of Ca, the LAGB-in-
duced strengthening increment increases significantly to
63, 47, and 66 MPa for the Mg-3Al-1Zn-0.5Ca-0.3Mn,
Mg-3Al-1Zn-1Ca-0.3Mn, and Mg-3Al-1Ca-0.3Mn
alloys, respectively. The combined strengthening effects
of dislocations and LAGBs can be analyzed using a

pythagorean addition law (1/03 + a7 , ). By fur-

ther comparing the measured yield strength (denoted
O-measured) and the calculated Odislocation, OLAGB> and
auacgs of the alloys, the higher densities of dislocations
and LAGBs are found to be the key factor for the higher
strength of the Ca-containing alloys, with respect to the
AZ31 benchmark. For example, the Mg-3Al-1Zn-1-
Ca-0.3Mn has 96 MPa higher yield strength (Ao easured)
than the AZ31 alloy, when they are extruded at 250 °C.
Among the 96 MPa strength increment, higher densities

of dislocations and LAGBs, A/¢3 + 07 ,;p. are esti-

mated to contribute ~ 68 MPa increment, while HAGB
(ouagg) only contributes ~ 4 MPa increment. A gap of
strength between AGmeasured and sum of Aoyagp and

A\/m is noted. This gap, ~ 20 to 25 MPa, is

speculated to be caused by other strengthening factors,
including solute and particle strengthening.

Al-Ca and Al-Mn particles are observed in the
Mg-3Al-1Zn-1Ca-0.3Mn alloy using SEM and STEM
(Figure 15). In SEM image, the particles have large size,
and thus are likely to be the eutectic compound
fragmented during extrusion. The interparticle space is
estimated to be more than 20 um, and the particle size is
observed in micron scale. Few Al-Ca and Al-Mn fine
particles can also be observed in STEM image, but their
density is too low to result in significant strengthening
effect via Orowan effect. Hence, the strengthening
increment induced by particles is deduced to be a minor
factor, compared to the strengthening induced by
boundaries and dislocations. This speculation is

METALLURGICAL AND MATERIALS TRANSACTIONS A



Fig. 12—HAADF-STEM and STEM-EDX mapping of (a through ¢) Mg-3Al-1Zn-1Ca-0.3Mn, (f through j) Mg-3Al-1.5Zn-0.5Ca-0.3Mn, and (k
through n) Mg-3Al-1Ca-0.3Mn alloys extruded at 250 °C.
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Fig. 13—HAADF-STEM images showing (a) cellular subgrains, and (b) low-angle grain boundaries. Image is viewed along [1120] direction.

consistent with previous studies in Mg-Ca-based
alloys."®3 Hence, it is more important to understand
how the Ca addition results in a different DRX
behavior, which gives rise to much denser dislocations

and LAGB:s.

B. Effect of Ca Addition on DRX During Extrusion

There are three main DRX mechanisms operative in
magnesium and its alloys, namely continuous DRX
(¢DRX),*>% discontinuous DRX (dDRX),!"®:3¢% and
twin-induced DRX (DRX).[**! In this study, the con-
tinuous DRX (¢DRX), and twin-induced DRX (:DRX)
are observed in the benchmark AZ31 (Figures 16(a)
through (e)). During extrusion, the mobile dislocations
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encounter barriers such as initial grain boundaries and
form dislocation pile-up (Figure 16(b)). The dislocation
pile-ups finally form subgrains enclosed by 3-dimen-
sional LAGBs. The LAGBs continuously trap the
dislocations that migrate toward the initial grain
boundaries. At the same time, driven by the mechanical
deformation, the subgrains will rotate.["** Both dislo-
cation collection and subgrain rotation will gradually
transit subgrains to recrystallized grains, forming a
‘necklace’ microstructure (Figure 16(c)). This DRX
mechanism is known as ¢cDRX. It is also regarded as a
strong dynamic recovery as there is no recognizable
division between nucleation and grain growth stage.!®”
With the progress of the extrusion process, the disloca-
tions will accumulate at the boundaries of
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first-generation DRXed grains (Figure 16(d)). Again,
these accumulated dislocations form dislocation arrays,
then subgrains and second-generation DRXed grains
(Figure 16(e)).

Twin-induced DRX was also observed in the
AZ31.103% However, more recrystallized grains are
observed outside of the deformation twin, where twin
boundaries provide the sites for the dislocation pile-ups
to form subgrains. Under this circumstance, there is no
great difference between the roles of conventional
HAGBs and former twin boundaries in ¢DRX.[636
The experimental observation suggests that the cDRX is
the dominant DRX mechanism in the AZ31 alloy
during extrusion.

Compared with the benchmark AZ31, the addition of
Ca to AZ31 has two notable effects on microstructure,
which eventually leads to the different behavior of
¢DRX during extrusion. The first microstructural
change is cooperation of dislocation slip of different
types, which is speculated to result in denser subgrains
after extrusion. To support this speculation, we revisited
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the TKD orientation maps of deformed grains and twins
that contain subgrains in Figures 5, 6, 7, 8,9, 10, and 11,
and examined the distribution of Taylor axis
(Figure 17). The AZ31 alloy was found to have a
[0001]-type distribution of in-grain misorientation axis,
i.e., a misorientation axis distribution that was mostly
concentrated near [0001] with the intensity of above 2
mud. This indicates that during extrusion of AZ31 at
250 °C, prismatic (a) dislocation is dominant in the
region where subgrains form. Under the same extrusion
condition, the Mg-3Al-1Zn-1Ca-0.3Mn alloy exhibits a
uniform distribution of in-grain misorientation axis.
Although the morphology and orientation of deformed
grains and twins that contain subgrains in Figures 7, 8,
9, 10, and 11 are different from each other, the intensity
of in-grain misorientation axis distribution is mostly
between 1 and 1.5 mud. The uniform distribution of
in-grain misorientation axis indicates that there is no
dominant slip mode, and dislocation slips in different
systems are cooperating. In order to form subgrains
during ¢DRX, mutual reaction of dislocations of
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Fig. 15—(a) SEM backscattered electron image, (b through f) SEM-EDX maps, (g) HAADF-STEM and (4 through /) STEM-EDX maps

showing particles in Mg-3Al-1Zn-1Ca-0.3Mn alloy extruded at 250 °C.

different Burgers vectors are required to form three-di-
mensional arrays of LAGBs.[**! Therefore, compared
with the DRX in AZ31, higher dislocation density
(revealed by XRD in Figure 3) and significant cooper-
ation of dislocation slip of different types is speculated
to facilitate the formation of denser subgrains in
Mg-3Al-1Zn-1Ca-0.3Mn alloy.

The second microstructural change caused by the Ca
addition is the segregation of Ca to HAGBs
(Figure 12) and possibly dislocation core in LAGBs,
which may lead to a sluggish ¢cDRX. Although there is
a large amount of subgrains, they are difficult to
transform into recrystallized grains. The solute-induced
retardation of recrystallization in Mg alloys has been
reported by several studies.?*37-%¢"] In this study,
cosegregation of Al, Zn, and Ca atoms to boundaries
have been observed in Ca-containing alloys. In this
study, cosegregation of Al, Zn, and Ca atoms to
boundaries has been observed in Ca-containing alloys.
The Ca addition may change the amount of Al solute
segregated to grain boundaries, as Ca atoms will form
eutectic compound with Al during casting. However,
such change in Al segregation would lead to minor
effect on DRX behavior, given that segregation of Al
atoms also occurs in benchmark AZ31, but AZ3l1
recrystallized readily. Hence, we suppose that Al
segregation to grain boundary would not be an
important factor for DRX retardation. Furthermore,
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Zn segregation to grain boundaries is unlikely to be an
important factor either, because DRX is still retarded
in Mg-3Al-1Ca-0.3Mn alloy even though Zn is absent.
However, once the Ca concentration is decreased, e.g.,
from 1 to 0.5 wtpct, the DRX is notably more
operative (Table II). Therefore, it is Ca segregation,
rather than Al and Zn segregation to grain boundary
that plays a significant role on the retardation of DRX.
The atomic radius is 0.197 nm for Ca and 0.160 nm for
Mg. Similar to the role of rare-earth elements on DRX
in Mg,!%*! substitution of Mg by Ca leads to a positive
misfit of 0.231. Once Ca atoms segregate to the
extension region of the dislocation cores in grain
boundary, the elastic strain of grain boundary is
reduced, making grain boundary less mobile. Conse-
quently, the conversion from dislocations/LAGB to
HAGRB takes longer time and growth of recrystallized
grain is retarded, as schematically illustrated in
Figures 16(f) through (i).

In previous studies, the Ca effect on DRX in
Ca-containing allo?/s was predominantly interpreted by
the particle effect.!'”-¢>7" Ca has a maximum solubility
of 1 wt pct in Mg at the eutectic temperature of 510 °C.
The addition of Ca to the AZ-series alloy may lead to
the formation of several types of eutectic intermetallics
during casting, including (Mg,Al),Ca and Mg,Ca or
Al,Ca."" Upon hot working, the eutectic compounds
are fragmented and distributed along the extrusion
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Fig. 16—Schematic diagram of (a) bi-grain microstructure showing dynamic recrystallization process in (b through e¢) AZ31 and (f through i)
Mg-3Al-1Zn-1Ca-0.3Mn alloy subjected to the increasing strain during extrusion process. (i) is magnified by 2 times to show the detailed

microstructural features.

direction. The fragments interact with grain boundaries,
and suppress DRX and grain growth !'”). However,
SEM and STEM images (Figure 15) reveal that the
density of Al-Ca particles in the Mg-3Al-1Zn-1-
Ca-0.3Mn alloy is low, and that sparsely placed particles
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are unlikely to restrict the size of subgrains and
recrystallized grains in the submicron scale. With respect
to Al-Mn particles, their effects on the retardation of
DRX are likely limited, because the AZ31 alloy contains
a high density of Al-Mn particle, but DRX can readily
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Fig. 17—IGMA analysis of deformed grains and twins that contain subgrains (displayed in Figures 5, 6, 7, 8, and 11) in AZ31l and
Mg-3Al-1Zn-1Ca-0.3Mn alloys extruded at 250 °C.

operate.”””’? Furthermore, the characterization of sev- does not show the presence of the particles there.
eral regions where the sluggish ¢DRX occurs in the Therefore, particles are not likely to be the major factor
Mg-Al-Zn-Ca-Mn alloys (Figures 7, 8, 9, 10 and 11) for the retarded DRX.
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V. CONCLUSIONS

a. Extruded Mg-Al-Zn-Ca-Mn-based alloys exhibit
high strength at room temperature. The yield
strength of Mg-3Al-1Zn-1Ca-0.3Mn extruded at
250 °C is as high as 413 MPa, with an elongation to
fracture of 7.5 pct. The addition of Ca was key to
achieving such high strength. The addition of 1
wt pct Ca to the benchmark AZ31 alloy led to a
strengthening effect of ~96 MPa. In contrast, the
addition of 1 wt pct Zn to Mg-3Al-1Ca-0.3Mn alloy
only leads to a marginal increment in strength.

b. The as-extruded AZ31 benchmark was near fully
recrystallized. During extrusion, DRX progresses
continuously, predominantly via the ready forma-
tion of subgrains (about 0.4 to 1 um) along initial
grain boundaries. The subgrains grow and convert
to recrystallized grains with an average size of ~ 2.3
um.

c. Calcium additions to the AZ31 benchmark retard
dynamic recrystallization (DRX), with only 30 pct
recrystallization and a grain size of 480 nm achieved
following extrusion at 250 °C with a ram speed of
0.1 mm/s. A high density of low-angle grain
boundaries (LAGBs) and dislocations were
observed in the Ca-containing alloys, and it was
identified as the major strengthening factor.

d. In the case of the Mg-3Al-1Zn-1Ca-0.3Mn alloy,
the cellular subgrains possess an ultrafine size of 100
to 400 nm and are sluggish to grow and convert to
recrystallized grains during extrusion. Such sub-
grains are predominantly along initial grain bound-
aries and the newly formed boundaries within the
deformed grains. These newly formed boundaries
are closely spaced (e.g., ~ 600 nm) and nearly
parallel to the extrusion direction, forming micro-
bands. The DRX in microbands was rarely
observed in the AZ31.

e. Solute atoms, including Al, Zn, and Ca, were
observed to segregate to HAGBs and to dislocation
cores in LAGBs. It is hypothesized that the segre-
gation of Ca to dislocation cores will decrease the
mobility of dislocations and stabilize low-angle
grain boundaries, via thermodynamically decreasing
dislocation energy and/or kinetically solute drag
effect. In this way, the Ca addition retards the DRX
and grain growth in the Ca-containing alloys during
the extrusion process, leaving a high density of
boundaries and dislocations, which result in the
high strength.
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