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Abstract: This study demonstrated the application of equal-channel angular processing (ECAP),
which was performed via the B¢ route, to determine the effect of the addition of CaO on the
microstructural evolution of an AZ31 alloy due to annealing. Compression tests were performed to
evaluate the mechanical properties of the alloy, and the corresponding microstructures were observed
to elucidate the flow behavior. Ca-bearing second-phase particles were fragmented with the increase
in the number of ECAP passes. The increase in the yield strength and flow stress with the addition of
CaO was attributed to the dispersion of the Ca-bearing second-phase particles. When the CaO-added
AZ31 and commercial AZ31 alloys were subjected to annealing, their flow stress decreased owing to
the grain growth. However, the extent of the decrease in the flow stress for the CaO-added AZ31
alloy was lower than that for the commercial AZ31 alloy.
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1. Introduction

Mg alloys are lightweight materials with high specific strength; therefore, they have
attracted significant interest as materials that can lower the frame weight of automobiles and
other means of transportation [1,2]. AZ31 is a common Mg alloy with medium strength and
is utilized in the automobile and aerospace industries. It is generally manufactured by the
die casting process that generates products with various casting defects such as shrinkage
cavities, excessive inclusions, and pores. These defects limit the utility of AZ31 alloys
to applications that do not require high strength such as manufacturing of cases, covers,
steering wheel cores, instrument panels, seat frames, and housings [3]. Since metalworking
techniques such as extrusion and rolling generate products with negligible internal defects,
the mechanical properties of the alloys that are manufactured by metalworking are superior
to those that are manufactured by casting. Therefore, the fabrication of wrought Mg alloys
by metalworking facilitates the expansion of their applications [4-6]. Recently, the multi-
pass continuous screw twist extrusion process by Wu et al. [7], the extrusion-shear process
by Shi et al. [8], the simple shear extrusion (SSE) by Sayari et al. [9], and the differential
velocity sideways extrusion (DVSE) by Zhou et al. [10] have been developed and extensively
studied as methods of severe plastic deformation (SPD) processing.

Equal-channel angular pressing (ECAP) is a severe plastic deformation (SPD) tech-
nique that involves the passing of a material according to the angle (®) at which the two
channels inside the mold meet [11-13]. The application of high shear deformation during
ECAP maximizes the grain refinement in the material [14,15]. The Hall-Petch relation
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shows that the yield strength of a material increases owing to the generation of well-formed
fine grains; therefore, ECAP yields products with excellent mechanical properties [16,17].
However, when the material is severely deformed owing to a high dislocation density,
static recrystallization (SRX) occurs at elevated temperatures [18,19]. The grain growth
in Mg alloys occurs at temperatures higher than 473 K [20]. Therefore, a commercial
AZ31(Mg-3Al-1Zn) alloy is inappropriate for use at high temperatures (>473 K) owing to
the weakening of its mechanical properties.

There have been extensive studies to optimize the mechanical properties of Mg alloys
at elevated temperatures. The A S series alloys (Mg-Al-5Si) exhibit a high creep resistance
due to the formation of Mg,Si precipitates; however, an Si concentration of less than 2 wt.%
results in the deterioration of the mechanical properties of the alloy at room tempera-
ture [21]. Recently, Kim et al. [22] reported that the addition of a low quantity of CaO to
Mg alloys results in the formation of a dense oxide layer (comprising MgO and CaO) in
the molten state. This oxide layer minimizes the contact of the surface of the alloy with air,
thereby increasing the oxidation and ignition resistance of the alloy. Furthermore, the Ca
atoms tend to segregate at the grain boundaries in the form of second-phase particles or so-
lutes [23,24]. This inhibits the grain boundary sliding and the movement of the dislocations,
thereby increasing the creep resistance of the alloy [25].

Furthermore, Zhou et al. [26] implemented the differential velocity sideways extrusion
(DVSE), a novel severe plastic deformation (SPD) technique, to achieve grain refinement
in the AZ31 alloy. Factors such as extrusion temperature and speed ratio influenced the
dynamic recrystallization process. As a result, a slight decrease in yield strength was
observed, while uniform elongation improved.

It has been proven that the addition of CaO optimizes the mechanical properties of the
Mg alloys at elevated temperatures. However, the efficacy of the Ca-bearing second-phase
particles has not been examined for the materials that undergo severe plastic deformation
at elevated temperatures. Accordingly, this study was conducted to investigate the effect
of the addition of CaO on the microstructural evolution in an ECAPed AZ31 alloy due to
annealing. ECAP was performed via the B¢ route, where the sample was rotated by 90°
in the same direction after each pass to obtain the most consistent microstructure [27,28].
The mechanical properties and the corresponding microstructures of the CaO-added AZ31
alloy were compared with those of the commercial AZ31 alloy. A special emphasis is given
to demonstrating the suppressed grain growth and reduced strength loss, after annealing,
in the ECAP-processed AZ31-CaO alloy compared to the commercially processed AZ31
alloy under the same conditions.

2. Experimental Procedures

The commercial and CaO-added AZ31 alloys were subjected to ECAP in this study.
The chemical composition of each alloy was analyzed using inductively coupled plasma
mass spectrometry (ICP-MS, Thermo Fisher Scientific, Dover, DE, USA), and the results
are listed in Table 1. Billets with a diameter of 100 mm were produced via direct-chill
casting and extruded with an extrusion ratio of 8:1. Subsequently, the samples for ECAP
(diameter = 10 mm, height = 65 mm) were machined from the extruded rods (Figure 1).

Table 1. Chemical compositions of the experimental alloys (wt.%).

Chemical Composition (wt.%)

Alloys
Al Zn Mn Si Fe Cu Ca Mg
CaO-added AZ31 2.810 0.920 0.220 0.009 0.120 0.008 0.460 Bal.
Commercial AZ31 2.890 0.960 0.310 0.012 0.150 0.011 0.040 Bal.

ECAP was performed using a Shimadzu UH-X 1000 kN universal testing machine
(Shimadzu, kyoto, Japan) at a strain rate of 1 mm-s~!. A separable-type mold with an
internal channel was utilized for ECAP. The dimensions of the die used for ECAP were
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length of 100 mm x width of 105 mm X height of 175 mm. The angle (®) of the internal
channel was 112.5°, and the corner angle (¥) was 30° (Figure 2). The strain (¢) was calculated
as follows (g1 = 0.75) [29]:

sN:\I)%[Zcot<§+§>+csc<§)+Z>] (N=1,2,3,-,N) 1)

where N is the number of passes. A total of four ECAP passes were performed at different
temperatures. The first two and last two passes were performed at 523 K and 423 K,
respectively, to minimize the grain growth with the increase in the number of ECAP passes.
A cumulative strain (g) of 2.85 was applied after four ECAP passes. The error range of the
temperature measurement was maintained at +1 K for every pass, and the temperature
was maintained for 10 min. A lubricant, MoS,, was coated on the sample surface prior to
each pass to minimize the friction between the sample surface and the wall inside the mold.

Dummy l|)|ock [Unit : mm)]
ED
+ Die 65
o o ——
S Billet ( ()fe
| ,
Extruded rod ,/ /
(8:1) ECAP extruded

sample product
Figure 1. A schematic of the sample preparation procedure for equal-channel angular pressing (ECAP).

Each ECAPed sample was heat-treated at 473 K under an N; atmosphere for 24 h and
air cooled. Subsequently, the samples were subjected to uniaxial compression tests at room
temperature (RT) using an MTS systems MTS 810 universal testing machine (MTS Systems
Corporation, Eden Prairie, MN, USA) at a strain rate of 1 x 1073 s 1. The compressive
samples with a diameter and height of 8 mm and 12 mm, respectively, were machined from
the linearly extruded samples.

The compressive samples were ground and etched in a solution of 4.2 g picric acid,
10 mL distilled water, and 10 mL acetic acid; subsequently, the deformed microstructures
after the compression tests were observed by a Nikon Eclipse MA100 optical microscopy
(OM, Nikon, Tokyo, Japan). The average grain size was measured using a Zootos Leopard
2009 ™ image analyzer in accordance with ASTM E112-96 (Zootos, Anyang, Republic
of Korea). In the Mg alloys studied, the samples for microstructural observation after
extrusion are positioned and oriented in a manner where the majority of grains exhibit
basal planes parallel to the direction of extrusion [30].

Electron backscattered diffraction (EBSD, JEOL Ltd., Tokyo, Japan) scans were per-
formed over an area of 50 pm x 50 um (step size = 0.1 um); thus, the changes in the
microstructure and texture of the samples due to ECAP and heat treatment were observed.
The ECAPed samples were mechanically polished and subjected to Ar ion milling to clean
and eliminate the deformed surfaces and the oxidized layer that were generated during
mechanical polishing. The raw data from the EBSD analysis were obtained using the
TSL-OIM software (OIM Analysis™, AMETEK, Inc., Berwyn, PA, USA).
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Figure 2. (a) A schematic of the mechanism of ECAP [26]. Photographs of the (b) ECAP mold and
(c) the interior channel.

The second-phase particles in the CaO-added AZ31 alloy were analyzed by a Bruker
D8 X-ray diffractometer (Bruker Corporation, Billerica, CA, USA). The composition and
distribution of the second-phase particles were also analyzed by energy dispersive spec-
troscopy (EDS, FEI, Hillsboro, OR, USA) in conjunction with an FEI Quanta 200F field-
emission scanning electron microscopy (FE-SEM, FEI, Hillsboro, OR, USA) and a Tecnai G?
F20 S-Twin transmission electron (FEI, Hillsboro, OR, USA).

3. Results
3.1. Flow Behavior

A uniaxial compression test was conducted at RT to study the effect of the addition of
CaO and the annealing on the mechanical properties of the AZ31 alloys. Figure 3 shows the
true stress—strain curves, which were obtained from the compression tests, for the ECAPed
CaO-added AZ31 and commercial AZ31 alloys. The true stress of both the alloys increased
linearly at the initial strain and reached the yield point at a certain strain. The stress
decreased slightly beyond the yield point and was maintained until the strain increased to
0.03-0.07, in accordance with the ECAP pass. Subsequently, there was a marked increase in
the true stress with an increase in strain until the samples failed. Both the alloys exhibited
an increase in stress with the increase in the number of ECAP passes. However, the true
stress for the two alloys was similar at high-strain regimes, regardless of the number of
ECAP passes. The true stress of the heat-treated (annealed) samples was slightly higher
than that of the non-heat-treated samples, except for the commercial AZ31 alloy that was
subjected to four ECAP passes.
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Figure 3. True stress—strain curves of the ECAPed: (a) CaO-added AZ31 and (b) commercial AZ31
alloys with and without heat treatment after the compression tests.

Figure 4 shows a comparison of the yield behavior of the alloys based on the mechani-
cal properties that were obtained from the true stress—strain curves. The yield strength of
the CaO-added AZ31 alloy was higher than that of the commercial AZ31 alloy (Figure 4a).
The difference in the yield stress of the two alloys after four ECAP passes was approximately
20 MPa. Figure 4b shows the effect of the heat treatment on the mechanical properties of
the alloys. After heat treatment, the drop in the yield strength of the commercial AZ31 alloy
was definitely higher than that of CaO-added AZ31 alloy; furthermore, the tendency was
clearer as the number of ECAP passes increased. The yield stress of both alloys after the first
pass of ECAP slightly decreased after the heat treatment. From the second pass, there was
a significant decrease in the yield strength of the commercial AZ31 alloy; however, there
was no significant decrease in the yield strength of the CaO-added AZ31 alloy. The largest
decrease in the yield stress of the commercial AZ31 alloy was 30.2 MPa after the fourth pass.
These results indicated that the addition of CaO affected the mechanical properties of the
AZ31 alloy. These effects should be discussed in relation to the corresponding deformed
microstructures and the formation of second-phase particles.
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Figure 4. Comparison of the mechanical properties as a function of the number of ECAP passes
between the ECAPed CaO-added AZ31 and commercial AZ31 alloys after the compression tests:
(a) yield stress and (b) change in the yield stress, Aoy, of the AZ31 alloys after heat treatment.

3.2. Deformed Microstructure

Figure 5 shows the microstructures of the as-cast, as-extruded, and ECAPed CaO-
added AZ31 and commercial AZ31 alloys with and without heat treatment. Large equiaxed
grains (>100 pm) were observed in the as-cast samples of both the alloys (Figure 5a). The
fine equiaxed grains in the as-extruded samples of the two alloys (Figure 5b) were formed
by dynamic recrystallization (DRX) during extrusion. The grain morphologies in the as-
cast and as-extruded samples of the two alloys were similar. However, the deformed
microstructures of the two alloys (Figure 5c—e) showed differences in the grain structure.
The grain size decreased with the increase in the number of ECAP passes for both the
alloys; furthermore, the two alloys exhibited different grain structures with the increase
in the number of ECAP passes. Both the alloys primarily comprised fine grains; however,
some coarse grains were also observed in the commercial AZ31 alloy. When the ECAPed
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samples of the two alloys were subjected to heat treatment, the increase in the grain size
and the formation of coarse grains indicated the occurrence of grain growth.

(a) As-cast

(b) As-extruded (c) lpass E
“ﬁfl : 7.9 pm o

d:6.9 pm

Figure 5. Optical micrographs of the microstructures in the: (a) as-cast sample, (b) as-extruded
sample, (c) ECAPed sample (1 pass) at 523 K, (d) ECAPed sample (2 passes) at 523 K, and (e) ECAPed
sample (4 passes) at 473 K of the CaO-added AZ31 and commercial AZ31 alloys with and without
heat treatment. The average grain size is presented in the top-right corner of each image.

The ECAPed (4 passes) CaO-added AZ31 and commercial AZ31 alloys were subjected
to EBSD analysis (Figure 6); thus, the grain structure and grain size distribution in the
heat-treated and non-heat-treated alloys were compared. The inverse pole figure (IPF)
maps demonstrated the existence of coarse grains in the commercial AZ31 alloy. The
histogram of the grain sizes also indicated that the number fraction of the coarse grains
in the commercial AZ31 alloy was higher than that in the CaO-added AZ31 alloy. Coarse
grains were also observed in the microstructure of the heat-treated samples.

The average grain sizes of the alloys were measured using the OM images (Figure 7)
to quantitatively analyze the influence of the added CaO on the grain growth due to
heat treatment. The average grain sizes of the as-extruded CaO-added AZ31 alloy and
commercial AZ31 alloy were 7.9 and 8.0 um, respectively. The average grain sizes of the
as-extruded CaO-added AZ31 alloy and commercial AZ31 alloy gradually decreased to
2.0 and 2.6 um, respectively, with an increase in the number of ECAP passes. The average
grain sizes of the ECAPed (four passes) CaO-added AZ31 alloy and ECAPed (four passes)
commercial AZ31 alloy increased from 2.0 to 2.3 um and 2.6 to 3.8 um, respectively, owing
to heat treatment. Thus, the increase in the grain size of the commercial AZ31 alloy was
four times larger than that of the CaO-added AZ31 alloy.
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Figure 6. Inverse pole figure (IPF) maps (upper row) and histogram of the grain size (lower row)
in the: (a) commercial AZ31, (b) heat-treated commercial AZ31, (c¢) CaO-added AZ31, and (d) heat-
treated CaO-added AZ31 alloys with four ECAP passes.
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Figure 7. The average grain size of the CaO-added AZ31 and commercial AZ31 alloys as a function
of the number of ECAP passes.

Figure 8 shows the bright-field TEM images and selected area diffraction patterns
(SADP) of the CaO-added AZ31 and commercial AZ31 alloys. The ring pattern in the
SADP is a typical feature of nanostructured materials that are fabricated by severe plastic
deformation [31]. The ring pattern of the CaO-added AZ31 alloy was more prominent than
that of the commercial AZ31 alloy; furthermore, the number of spots in the ring pattern
of the CaO-added AZ31 alloy was higher than that in the ring pattern of the commercial
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AZ31 alloy. This indicated the formation of ultrafine grains in the CaO-added AZ31 alloy
during four ECAP passes; moreover, the number of grains that were formed in the CaO-
added AZ31 alloy was higher than that in the commercial AZ31 alloy during four ECAP
passes. This appeared to be consistent with the distribution of the misorientation angle
that was determined from the EBSD analysis. The histogram of the distribution of the
misorientation angle (Figure 9) showed that the number fraction of the high-angle grain
boundaries (misorientation angle > 15°) in the CaO-added AZ31 alloy was approximately
11% higher than that in the commercial AZ31 alloy.

Figure 8. TEM bright-field images and selected area diffraction patterns (bottom-right corner) of the
(a) CaO-added AZ31 and (b) commercial AZ31 alloys with four ECAP passes.

(@) *1°1 Az31-ca0 (b) *16 7 Az31
0.14} Average misorientation angle : 58.4° 0.14 1 Average misorientation angle : 51.6°
- 0.12 - 0.12
S .S
o 0.10 9 0.10
£ &
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(] (]
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0.00 0.00
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Misorientation Angle [degrees] Misorientation Angle [degrees]

Figure 9. Histogram of the misorientation angle of the (a) CaO-added AZ31 and (b) commercial
AZ31 alloys with four ECAP passes.

3.3. Distribution of Second-Phase Particles

The second-phase particles significantly impacted the mechanical properties and the
microstructural evolution of the AZ31 alloys. Therefore, the distribution of the second-
phase particles in the CaO-added AZ31 and commercial AZ31 alloys was investigated. The
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(a)

Intensity

results of the XRD analysis (Figure 10) showed the formation of Mg;7Al;; and Alj1Mny in
both the alloys; however, Al,Ca was detected only in the CaO-added AZ31 alloy due to
the presence of CaO. Figure 10 shows that the second-phase particles were formed during
casting and existed during extrusion and ECAP.
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Figure 10. Results of the X-ray diffraction analysis of the (a) CaO-added AZ31 and (b) commercial
AZ31 alloys.

Figure 11 shows the shape and distribution of the second-phase particles in the CaO-
added AZ31 and commercial AZ31 alloys. The XRD results showed that Al,Ca was
distributed only in the CaO-added AZ31 alloy. Rod-shaped particles of Al,Ca were formed
along the grain boundaries in the cast sample of the CaO-added AZ31 alloy (Figure 11a).
The presence of fine, spherical particles of Al,Ca in the extruded sample of the CaO-
added AZ31 alloy indicated the fragmentation of Al,Ca during extrusion. Rod-shaped and
spherical particles of Alj;Mny were observed in the cast and extruded sample, respectively,
of the commercial AZ31 alloy. Furthermore, the higher volume fraction of the second-phase
particles in the CaO-added AZ31 alloy as compared to that in the commercial AZ31 alloy
was attributed to the addition of CaO.

Zn

06.80 5587 3513 02.20 100pm

06.98 54.82 34.13

Figure 11. Cont.
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09.50 39.09 01.41

50.01 & 100pm 12.02 31.50 01.03 48.81

Mg

Figure 11. Scanning electron micrographs of the second-phase particles in the: (a) as-cast and
(b) as-extruded CaO-added AZ31 alloys, and (c) as-cast and (d) as-extruded commercial AZ31 alloys.
The chemical compositions (wt.%) of the marked second-phase particles are listed in the table in the

bottom-left inset of each figure.

Figure 12 shows the distribution of the second-phase particles in the ECAPed CaO-
added AZ31 and commercial AZ31 alloys. The presence of Al,Ca and Alj;Mny in the
CaO-added AZ31 alloy and Alj1Mny in the commercial AZ31 alloy was consistent with
the results of the XRD analysis after ECAP. When the as-extruded alloys underwent ECAP,
the second-phase particles were fragmented and the size of the particles decreased with
the increase in the number of passes. The AZ31 alloy also exhibited a similar behavior;
however, the volume fraction of the second-phase particles in the commercial AZ31 alloy
was lower than that in the CaO-added AZ31 alloy.

Mg Al Ca Zn Al Ca Zn

30.82 43.69 22.69 02.80 S0pm 40.63 3593 20.56 02.88

Mg Al Si  Mn

2420 29.27 0133 4520

Mn

Mg Al si

26.30 33.47 01.84 3839 S 20.64 30.14 01.79 47.43

Figure 12. Scanning electron micrographs of the second-phase particles in the: CaO-added AZ31
alloy after (a) one pass, (b) two passes, and (c) four passes of ECAP and commercial AZ31 alloy after
(d) one pass, (e) two passes, and (f) four passes of ECAP. The chemical compositions (wt.%) of the
marked second-phase particles are listed in the table in the bottom-left inset of each figure.
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4. Discussion

The true stress—strain curves showed that the yield strength of the CaO-added AZ31
alloy was higher than that of the commercial AZ31 alloy, with and without heat treatment.
This was attributed to not only the differences in the deformed microstructures of the alloys
but also the distribution of the second-phase particles, whose formation was induced by
the addition of Ca0, in the CaO-added AZ31 alloy. Recently, Kim et al. used CaO as an
additive to substitute Ca for Mg and Mg alloys [22]. Ca, as an alloying element, increases
the creep resistance of Mg alloys [32]. It also forms fine particles of Al,Ca that contribute to
the grain refinement in Mg alloys. However, Ca is expensive and difficult to treat owing to
its high affinity for oxygen. Therefore, CaO is utilized as a Ca additive owing to its low
cost and ease of use. When CaO is added to Mg, a dense oxide film forms at the surface of
the material in the molten state. This oxide film prevents the oxidation and ignition of the
molten Mg, thereby alleviating the requirement for SFs, a harmful protective gas, during
casting. Since CaO-added Mg possesses high oxidation resistance, it is utilized as a novel
Mg additive that increases the melt cleanliness and accelerates the DRX of Al alloys during
hot deformation [33,34].

The addition of CaO to the AZ31 alloy induced the formation of second-phase parti-
cles comprising Al,Ca that significantly increased the strength of the alloy by dispersion
strengthening. Al,Ca precipitated at the grain boundaries in the CaO-added AZ31 alloy
during casting (Figure 11). Subsequently, these precipitates were fragmented and dispersed
during extrusion and ECAP. The dispersed precipitates inhibited the movement of the
dislocations in the initial stage of the compression tests. Therefore, the yield strength of the
CaO-added AZ31 alloy was higher than that of the commercial AZ31 alloy.

The distributed Al,Ca precipitates also affected the microstructural evolution of the
AZ31 alloys during annealing. The grain growth due to annealing in the CaO-added AZ31
alloy was less pronounced than that in the commercial AZ31 alloy (Figures 5 and 7). The
dispersion of the Al,Ca precipitates in the CaO-added AZ31 alloy hindered the movement
of the grain boundaries owing to Zener pinning [35], thereby inhibiting the grain growth.
This was attributed to the consistently higher flow stress of the heat-treated CaO-added
AZ31 alloy as compared to that of the commercial AZ31 alloy, irrespective of the sample
preparation mechanism (Figure 3).

The yield behavior of the AZ31 alloys showed the efficacy of the Al,Ca precipitates
to inhibit grain growth. ECAP is known to lower the yield strength of materials [36,37].
Since all the ECAP passes were performed at 523 K in the previous studies, the materials
exhibited textural changes and grain growth during ECAP. However, the yield strength
and flow stress of the CaO-added AZ31 and commercial AZ31 alloys in the present study
increased with the increase in the number of ECAP passes. The increase in the yield strength
was attributed to the following possibilities: (1) The decrease in the process temperature
from 523 to 473 K for the third and fourth ECAP passes inhibited the grain growth in
both the alloys. (2) The Zener pinning effect inhibited the grain growth in the CaO-added
AZ31 alloy.

The deformation mechanism of the CaO-added AZ31 alloy due to ECAP is presented
in Figure 13 based on the results obtained in this study. Rod- or plate-shaped second-phase
particles of Al,Ca were formed at the grain boundary during casting. The fragmentation of
these second-phase particles and DRX occurred simultaneously during extrusion. When
the as-extruded sample was subjected to ECAD, grain refinement occurred by the following
sequential mechanism: dislocation cell formation, sub-boundary formation, sub-boundary
rotation, and high-angle grain boundary formation. The dislocations were pinned, and
their movement was inhibited by the second-phase particles (Al,Ca); therefore, finer grains
were formed in the CaO-added AZ31 alloy as compared to those formed in the commercial
AZ31 alloy.
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1 | Formation of Al,Ca

A|2Ca

2 | DRX by extrusion

4 | HABs formation by grain rotation
(Number of ECAP passes increase)

Figure 13. Schematic of the grain refinement mechanism for the ECAPed CaO-added AZ31 alloy.
(1) Formation of Al,Ca, (2) DRX by extrusion, the low-angle boundaries and high-angle boundaries
in (3) are abbreviated as LABs and HABs, (4) HABs formation by grain rotation, respectively.



Metals 2023, 13, 1356 14 0of 15

The aforementioned mechanism suggested that the efficiency of severe plastic de-
formation increases with the introduction of fine and hard second-phase particles in the
material. This knowledge is applicable to not only severe plastic deformation but also
post-processing techniques such as recrystallization heat treatment.

5. Conclusions

In this study, ECAP was applied to the CaO-added AZ31 alloy to study the effect of the
addition of CaO on the grain refinement and microstructural evolution due to annealing.
The conclusions of this study are summarized as follows:

(1) The yield strength of the CaO-added AZ31 alloy was higher than that of the commer-
cial AZ31 alloy, with and without heat treatment.

(2) The difference in the flow stress between the heat-treated and non-heat-treated CaO-
added AZ31 alloys was lower than that between the heat-treated and non-heat-treated
commercial AZ31 alloys.

(3) Ultrafine grains were formed in the alloys owing to ECAP; furthermore, the average
grain size of the CaO-added AZ31 alloy was lower than that of the commercial AZ31
alloy owing to the dispersion of the second-phase particles of Al;Ca in the CaO-added
AZ31 alloy.

(4) The second-phase particles of Al,Ca were formed at the grain boundaries in the CaO-
added AZ31 alloy during casting, and these particles were fragmented and dispersed
during extrusion and ECAP.

(5) The dispersion of the fine second-phase particles (Al,Ca) optimized the mechanism
of grain refinement which was induced by the ECAP of the CaO-added AZ31 alloy.
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