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Abstract: AZ61 magnesium alloy sheets can be applied as 3C (computer, communication, and
consumer) electronic product shells. However, due to their poor plasticity and relatively low strength,
the application of AZ61 alloy sheets is limited. The composition modification of AZ61, especially
rare earth element alloying, is a good choice to improve the strength and plasticity of AZ61 alloy
sheets. In this paper, the strength and plasticity of AZ61 sheets with different contents of Y were
studied in detail. We found that the addition of 0.9 wt.% of Y not only improved the strength, but also
significantly enhanced the plasticity. As a result, the yield strength of AZ61 increased from 167 MPa
to 186 MPa, and the elongation increased from 9.5% to 18%. The reasons can be explained as follows:
the Al,Y phase formed by adding Y consumed a large amount of the Al element, thus avoiding
the formation of the brittle phases AlgMn5 and resulting in the improved mechanical properties of
the sheets. At the same time, the weakened texture and dispersed grain orientation also effectively
improved the plasticity of the sheets. This study will provide a good solution to improve the strength
and plasticity of AZ61 sheets without significantly increasing the production cost.

Keywords: AZ61 magnesium alloy sheets; mechanical properties; Y alloying; precipitates;

strengthening mechanism

1. Introduction

With the development of Internet technology and the maturity of 5G technology, the
characteristics of low latency and high network speed are more prominent. The popularity
of cloud services will be greatly improved, which is inseparable from the application of
notebook computers and mobile phones. Due to its low density, high specific strength, high
damping characteristics, and good recyclability, magnesium alloy has become the preferred
alloy for lightweight design and energy saving for 3C electronic products. The common
magnesium alloy sheets can be generally divided into four categories: the Mg—Al series,
Mg-Z7n series, Mg-Li series, and Mg-RE series alloys [1-5]. However, the Mg-RE alloy
is limited by the expensive cost of the rare earth element, and the Mg-Li alloy needs to
be melted in a vacuum environment, which undoubtedly greatly increases the cost and
processing complexity. Although the Mg—Zn alloy exhibits good plasticity, it is difficult to
meet the requirements of 3C electronic products due to its relatively low strength. Due to
the outstanding mechanical properties and good formability, the most common magnesium
alloy applied for 3C electronic products is the Mg—Al series alloy, such as AZ31, AZ61,
AZ80, AZ91, and so on and AZ31 occupies the mainstream market for thin magnesium
alloy sheets. However, due to the low alloying of AZ31 alloys, its strength is still lower, and
its formability is also not enough to meet the requirement of more advanced magnesium
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alloy sheets. On the other hand, the AZ80 and AZ91 alloys have poor plasticity due to high
alloying contents, which also makes it difficult to be applied as 3C electronic products. The
AZ61 alloy has a medium alloying level, and its mechanical properties are also relatively
high, thereby exhibiting further development prospects for 3C electronic products.

Processing modification and alloying modification are two effective methods in im-
proving the strength and plasticity of magnesium alloy sheets. As for the preparation, the
existing method usually faces the problem of increasing plasticity and decreasing strength
at the same time. The mechanical properties of the undeformed Y-alloyed AZ61 cast plates
are very poor, and the elongation of AZ61 with 1.2 wt.% of Y is less than 6%, and the
tensile strength is less than 200 MPa [6]. To improve the plasticity while maintaining the
higher strength, it is necessary to develop new preparation methods to solve the prob-
lem. Some asymmetric deformation preparation methods, such as equal-channel angular
pressing (ECAP) and continuous bending (CB), can not only refine the grains and improve
the strength, but also change the grain orientation to improve the plasticity [7-11]. For
example, Huo et al. [10] introduced cyclic shear strain through bidirectional cyclic bending,
which can make AZ61 sheets exhibit an elongation of more than 30% while maintaining
the tensile strength of more than 270 MPa. Through the process of combining ECAP and
electropulsing treatment, Shan et al. [12] developed the new AZ61 alloy sheets, and the
tensile strength of the sheets can reach more than 400 MPa while maintaining the elongation
of more than 17%. However, the improvement of these preparation methods is limited by
the equipment, such as ECAP, electropulsing treatment, and bidirectional cyclic bending.
Generally, the pieces of equipment used in these processes are too complex, and they are
not adaptable in the large-scale production of magnesium alloy sheets [13-15].

In terms of alloying, rare earth (RE) element alloying is a better choice to improve
the plasticity of magnesium alloy sheets. RE elements can not only retain the strength of
sheets by refining grains and generating precipitation, but also improve the plasticity of
sheets by coordinating grain orientation [16-18]. Zhao et al. [19] found that adding the
Gd element can improve the plasticity of the magnesium alloy sheets. Because the texture
strength was reduced from 9.62 to 7.82, the plasticity in the transvers direction (TD) and
extrusion direction (ED) were improved, and the elongation in ED could reach 34.6%. Other
scholars [20] have also shown that the addition of the Y element makes the grain orientation
of Mg-Y alloy deflect, thus enhancing the mechanical properties of magnesium alloy sheets.
When only 0.5 wt.% of Y is added, the tensile strength is increased by nearly 20 MPa, and
the elongation is increased by 3%. When the content of Y is further increased to 5 wt.%,
the tensile strength is further increased by 60 MPa, and the elongation is increased by 11%.
Therefore, it can be concluded that the addition of the RE elements can perhaps improve the
plasticity of magnesium alloy sheets while retaining their high strength. Thus, the alloying
modification of the RE elements is a more suitable method to improve the properties of the
AZ61 magnesium alloy sheet. The addition of Nd and Gd in the AZ61 alloys can improve
the plasticity, but the strength decreases obviously [21-24]. However, when we searched
the corresponding references, we found that systematic investigations were lacking until
now on the role of Y alloying in AZ61 alloy sheets [25-29]. Based on the above aim, in
this study, AZ61 alloy sheets with different contents of the Y element were prepared by
the conventional method combining the extrusion and rolling techniques. The effect of
microalloying of the Y element on the microstructure and properties of AZ61 alloy sheets
was studied systematically. In addition, the microstructure evolution rule after adding the
Y element and the mechanism on improving the strength and plasticity of AZ61 sheets was
explored in detail.

2. Materials and Methods

In this paper, the resistance furnace was used to melt the AZ61-modified alloy, and
the metal melt was cast into the steel mold to obtain the required ingots with a length of
90 mm and a diameter of 90 mm. The homogenization was carried out at 400 °C for
16 h, and then air cooling was carried out. Before extrusion, the ingots and mold were all
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preheated to 400 °C. The extrusion temperature was 400 °C, and the extrusion ratio was
21:1 for the AZ61-modified alloy ingots. The alloy sheets with a thickness of 3 mm were
obtained by extrusion. After the sheets were preheated to 400 °C x 30 min, the alloy sheets
were rolled, and the reduction in each pass was 10-15%. After each pass of rolling, the alloy
sheets were returned to the furnace for heating, and the temperature was kept at 400 °C for
10 min. Finally, the alloy sheets with a thickness of 1 mm were obtained. The sheets were
put into the heat treatment furnace for 300 °C x 40 min annealing. The schematic diagram
showing the preparation process employed in the present study is shown in Figure 1.

(a)

Homogenization Extrusion Rolling

400 °Cx16 h 400 °C Reheating: 400 °Cx10 min

Annealing
300 °C*40 min

Extrusion ratio
21:1

Temperature (°C)

400 °CX30 min

Time

Figure 1. The schematic diagram showing the preparation process employed in the present study:
(a) Schematic diagram; (b) Final rolled sheets.

Five groups of samples with the compositions of AZ61-xY (x =0, 0.3, 0.6, 0.9, 1.5 wt.%)
were prepared in this experiment and numbered AZY0, AZY1, AZY2, AZY3, and AZY4
according to the above compositions, respectively. X-ray fluorescence spectrometer (XRE,
MXP21VAHEF, Japan) tests were carried out as shown in Table 1 for confirming the alloy
composition. The microstructure was observed by optical microscope (OM, Carl Zeiss AG,
Axio imager.A2m, German) and scanning electron microscope (SEM, Carl Zeiss AG, Zeiss
suprab5, German), respectively. The texture, grain orientation, and other microstructure
data of the rolled sheets were collected and analyzed by electron backscatter diffraction
(EBSD, Carl Zeiss AG, Zeiss supra55, German). The precipitated phases of the samples
were observed by transmission electron microscope (TEM, FEI Company, TECNAI F20,
American), and the TEM samples were prepared by ion milling method. A CMT4204
universal tensile testing machine (Mester, Shenzhen, China) was used to conduct tensile
test on the samples, and three parallel samples were taken from each group to take the
average value. The tensile tests were performed at room temperature, and the strain rate
was 1 mm/min.
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Table 1. Composition analysis of the AZ61 sheets with different Y contents (wt.%).

Al Zn Mn Y Mg
AZY0 5.7 0.6 0.2 Bal.
AZY1 6.3 0.6 0.2 0.3 Bal.
AZY2 5.8 0.6 0.2 0.6 Bal.
AZY3 5.6 0.5 0.2 0.9 Bal.
AZY4 6.3 0.5 0.2 1.5 Bal.

3. Results
3.1. Microstructure

The OM metallographic images of the AZ61-modified rolled sheets are shown in
Figure 2. For the AZY0, AZY1 and AZY?2 sheets, the deformation grains dominated, which
were arranged at an angle of 45° to the deformation direction (Figure 2a-c). Among them,
the AZYQ grains were relatively fine (Figure 2a), and with the increase in Y content, the size
of the grains further decreased (Figure 2b,c). When the content of Y was further increased
above 0.9 wt.%, there were no longer deformation grains in the AZY3 and AZY4 sheets,
but the equiaxed crystals were the main structure, and the number of precipitates in AZY3
and AZY4 were also increased significantly.

Figure 2. Optical microstructure of the rolled sheets with different Y contents: (a) AZYO0; (b) AZY1;
(c) AZY2; (d) AZY3; and (e) AZY4.

The SEM images of the AZ61-modified rolled sheets are shown in Figure 3. For the
AZY0 alloy sheets, less precipitates could be observed, and the grains size was also smaller
(Figure 3(al)). However, for the AZY1 alloy sheets, the number of precipitates increased
significantly, and dispersed spherical precipitates also appeared (Figure 3(b1)). However,
when the content of the Y element continued to increase, the number of precipitates not
only increased, but also large-sized precipitates could be observed (Figure 3(c1—el)).
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Figure 3. SEM images and EDS images of the rolled sheets with different Y contents: (a) AZY0;
(b) AZY1; (c) AZY2; (d) AZY3; and (e) AZY4.

The EDS images of the AZ61-modified rolled sheets are shown in Figure 3. For the
AZY0 alloy sheets, Zn was a uniformly solid solution in the matrix and did not participate in
the formation of precipitates (Figure 3(a4)). The Al element and the Mn element could form
Al-Mn precipitates (Figure 3(a2,a3)). According to Table 2, there were many small-sized
AlgMn; precipitates (Point 1) in the AZYO0 alloy sheets. Moreover, for the AZY1 and AZY2
alloy sheets, the Al-Y precipitates were mainly observed, and a small number of Al-Mn-Y
precipitates were also precipitated (Figure 3(b1-c4)). In combination with Table 2, the
Al-Y precipitates were mainly confirmed to be the AI2Y phase (Point 2). After consulting
the relevant literature and combining with the EDS analysis of Point 3, those small Al-
Mn-Y precipitates could be confirmed to be the AlgMn,Y phase [30]. When the Y content
continued to increase, the number of Al-Y precipitates in AZY3 and AZY4 continued to
increase, but the number of AI-Mn-Y precipitates gradually decreased (Figure 3(d1-e4)).
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Table 2. Test components of EDS points for the AZ61 sheets with different Y contents.
. Atomic Conc. Weight Conc.
Point Element (at.%) (wt.%)
Mg 38.01 30.28
1 Al 45.71 40.41
Mn 16.28 29.31
Mg 8.80 4.62
5 Al 58.83 34.29
Mn 1.46 1.73
Y 3091 59.36
Mg 53.87 41.98
3 Al 30.70 26.55
Mn 11.50 20.25
Y 3.94 11.22

The inverse pole figure (IPF) and pole figure (PF) of the rolled sheets with different
Y contents are shown in Figure 4. After rolling, the grains were mainly equiaxed grains,
and most of the grains showed a concentrated orientation with (0001) planes parallel to the
rolled direction (RD) (Figure 4). Part of the black areas in the IPF were unrecognizable by
the EBSD because the deformation was too large, resulting in serious grain breakage, which
made the probe unrecognizable. When the content of Y was low, it could be seen from the
PF that the AZY0 and AZY1 sheets all exhibited an obvious basal texture (Figure 4b,d).
However, when the Y content increased to 0.6 wt.%, the texture of the AZY2 sheets changed
into a bimodal texture, and the texture intensity also decreased from 16 of AZYO0 to 13 of
AZY?2 (Figure 4f). When the Y content was further increased, the texture of the AZY3 and
AZY4 sheets showed an obvious bimodal texture, but the texture intensity increased from
13 of AZY2 to 17 of AZY4 (Figure 4h,j)).

The recrystallization statistics of the rolled sheets with different Y contents are shown
in Figure 5. The recrystallization fraction of the AZY0 sheets was less than 60%. With the
increase in Y content, the recrystallization fraction of AZY1 decreased to 61%. However,
with a further increase in Y content, for the AZY?2 alloy sheets with 0.6 wt.% of the Y element,
the recrystallized grain fraction reached more than 70%, and the fraction of deformed grain
also decreased significantly. For the AZY3 alloy sheets, the recrystallized grain fraction
even reached 93%, and the deformed grain fraction decreased to 0.2%. With a further
increase in Y content, the recrystallization fraction of the AZY4 alloy sheets decreased
to 78%.

The TEM images of the rolled AZY0 and AZY3 alloy sheets are shown in Figure 6.
There were circular precipitates in the AZY0 alloy with a size of 100-300 nm. According to
the diffraction pattern, it could be confirmed that this circular precipitate was the Mgi7Al;»
phase (as shown in Figure 6a). When the structure was enlarged, in addition to Mgj7Al;»,
there were other precipitates with a size between 5-30 nm. Because the precipitate was too
small to be calibrated by the diffraction pattern, it could only be analyzed by EDS, which
was confirmed to be the AlgMns phase (as shown in Figure 6b). For the AZY3 alloy sheets,
a large precipitate was precipitated. Because the precipitate was too thick, the diffraction
pattern could not be obtained, but the precipitate was analyzed by EDS to be the Al,Y
phase (Figure 6¢). On the other hand, for the rolled AZY3 alloy sheets, the sizes of Mgi7Al;»
and AlgMns decreased significantly (Figure 6d).
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Figure 4. The IPF and the corresponding {0001} pole figurers of the rolled sheets with different Y
contents: (a,b) AZYO0; (c,d) AZY1; (e,f) AZY2; (gh) AZY3; and (i,j) AZY4.
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Figure 5. Statistical diagram of grain recrystallization for the rolled sheets with different Y contents.

Element Symbol  Atomic Conc. (%)
- Mg 58.35

Al 32.89

Mn 8.76

Atomic Conc. (%)

Element Symbol
Mg 54.54 ‘
Al 26.77
Mn 0.94 »
Y 17.75 100 nm

Figure 6. TEM images of the rolled sheets with different Y contents: (a,b) AZYO0; (c,d) AZY3.

3.2. Mechanical Properties

Figure 7 shows the mechanical properties of the rolled sheets with different Y contents.
The tensile strength and yield strength of the rolled sheets with different Y contents showed
a consistent trend. So, with the increase in the content of the Y element, the tensile strength
increased greatly and then decreased slightly (Figure 7a). However, the tensile strength
of the sheets after adding Y was generally higher than that of AZ61 (AZYO0). The tensile
strength and yield strength of the AZY1 were the largest, reaching 301 MPa and 206 MPa,
respectively, and the elongation reached 12% (as shown in Figure 7b). The change of
elongation of the sheets is shown in Figure 7b. With the increase in Y content, the elongation
of the sheets tended to increase first and then decrease. When the content of the Y element
was 0.9% (AZY3), the elongation of the sheets had an obvious increase from 12% of AZY2
to 18% of AZY3, but the yield strength and tensile strength decreased to 186 MPa and
271 MPa, respectively.
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Figure 7. Mechanical properties of the rolled sheets with different Y contents: (a) tensile strength and
yield strength of sheets; (b) elongation of sheets; and (c) stress—strain curve.

Figure 8 is the tensile fracture morphology of the rolled sheets with different Y contents.
For the AZ61 alloy sheets (AZY0), many river-like cleavage planes and cleavage steps could
be observed from the fracture surface. The fracture forms belonged to quasi-cleavage
fractures and shear fractures, which are typical brittle fractures. That is why the AZY0 alloy
was poor in plasticity. On the fracture surface of the AZY1 and AZY?2 alloys, in addition
to a small number of shallow dimples, some tear ribs and cleavage planes with river-like
patterns could be observed, which belonged to the mixed fractures, and so the plasticity
was improved. On the other hand, many dimples and ductile tearing edges on the fracture
surface of the AZY3 and AZY4 alloys could be seen, and there were almost no cleavage
planes, indicating that the plasticity of these alloys was excellent. The tensile fracture

images matched the mechanical properties of the rolled sheets with the different Y contents
very well.

Figure 8. Tensile fracture images of the rolled sheets with different Y contents: (a,f) AZYO;
(b,g) AZY1; (c,h) AZY2; (d,i) AZY3; and (e,j) AZY4.

4. Discussion

Figure 2 shows that the microstructures of the alloy sheets with different Y contents
after deformation were completely different because the magnesium alloys had fewer
slip systems due to their hexagonal close-packed (HCP) structure, and generally they
could only be plastically deformed by the actuation of the basal slip system. When Y
was not added to the AZ61 alloy (Figure 2a) or only a small amount of Y was added
(Figure 2b,c), the deformation was difficult especially when the deformation amount was
large. This also produced many deformed grains along the RD. When the added Y content
was high, the addition of Y promoted a transformation of the texture type and a reduction
in texture strength (Figure 4f h,j). The deformation grains were replaced by twins and fine
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equiaxed crystals in the alloys (Figure 2d,e). In addition, the dynamic recrystallization
prevented the alloy sheets from cracking during large deformation process, because through
recrystallization nucleation and growth, the alloy sheets released the deformation energy
stored in the rolling process.

Because the rolled sheets were prepared by large deformation rolling, no Mgi7Al;,
phase with the large size was found in the AZ61-modified rolled sheets (Figure 3(al)). The
difficulty of forming intermetallic compounds depended on the heat of the alloy formation.
When the heat of the formation of the alloy was negative, and the smaller the value was,
the easier and stabler the phase was. Referring to the literature, the heat of formation of the
Mgj; Al and AlyY alloys was —287.6124 KJ /mol and —442.3954 KJ /mol, respectively [31].
This indicated that Al,Y was easier to be formed and stabler. When the Al and Y elements
reacted to form Al,Y, the content of the Al element in the matrix was reduced. Because the
consumption of Al increased, the number and size of the Mgj7Alj; and AlgMns phases
tended to be decreased.

The grain orientation of the sheets was mainly concentrated in the (0001) plane parallel
to the RD, and the grain size was significantly reduced with the addition of the Y element.
The common deformation mechanisms of magnesium alloys are basal slip and twins, which
is also the reason for the formation of a basal texture. There were many black areas in AZY0
and AZY1 (Figure 4a,c) because many grains were broken during the large deformation
rolling. There were a few black areas in AZY2 and AZY3 (Figure 4e,g), which was due to the
production of many twins and recrystallization grains. Twins and recrystallization grains
can change the orientation of the crystals, releasing the stress concentration, which avoids
the breakage of the grains while the deformation occurs. Since the large size precipitates
increased (Figure 3(el)), which prevented the grain deformation during rolling, the black
area in AZY4 increased again (Figure 4i).

According to EBSD data statistics, the average grain size of each alloy was determined
to be 4.97,4.25, 4.16, 3.88, and 3.52 um for the AZY0, AZY1, AZY2, AZY3, and AZY4 alloy
sheets, respectively. With the increase in Y content, the average size of the grains decreased.
When the content of the Y element was 0.5%, the grain shape of AZY3 was very uniform,
and the size difference between grains was small. Due to the increase in Y content from
0to 0.9 wt.%, the Al-Y phase generated inhibited the growth of the recrystallized grains
and refined the recrystallized grains. However, with the further increase in Y content to
1.5 wt.%, although the grain size was reduced, many of the precipitates generated hindered
the grain growth, which led to an uneven grain shape and a decrease in the mechanical
properties. Uneven grains and many precipitated phases resulted in the elongation of the
sheets decreasing from 18% to 15.5%.

As shown in Figure 6b,d, the large consumption of the Al elements by the generation
of AlyY led to the reduction in Al elements that could participate in the generation of
AlgMns and Mg;7Aly,, thus reducing the size and quantity of AlgMns and Mgj7Aly; in the
AZY3 sheet. Small-sized precipitates could retain the strength of the sheets. It is for this
reason that the strength of AZY1-AZY4 was better than the strength of AZY0.

Figure 7 shows that AZY1 with 0.3 wt.% of Y had the highest yield strength and tensile
strength, reaching 206 MPa and 301 MPa, respectively, as the result of many small-sized
AlyY precipitates and a high texture strength of basal texture. The addition of a small
amount of Y element did not change the structure of the alloy greatly, and the elongation of
the AZY1 sheets was only 12%. In the AZY1 sheets, the texture was still the basal texture
(Figure 4d). The basal texture was conducive to improving the strength of the sheet, but
not conducive to improving the elongation. Compared with AZY1, the strength of AZY2
decreased by about 20 MPa, but the elongation remained unchanged at 12%. The reason
for the change of properties was that the basal texture had begun to change to a bimodal
texture, and the strength provided by the centralized orientation was dispersed by the
multidirectional grain orientation, leading to a decrease in strength. At this time, there
were still many deformed grains as shown in Figures 1c and 4c, which made the elongation
remain at 12%. Regarding other research of AZ61 sheets with 0.9 wt.% of Y, the elongation
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increased from 18.1% to 20% in Fang’s research, so the increase amount was only 2% [32].
In this study, the elongation of AZY3 (0.9 wt.% Y) increased from 9% to 18%, an increase
of 9%. The obvious bimodal texture of the AZY3 sheets could be observed as shown in
Figure 4h, and the recrystallized grain fraction also reached 93% (as shown in Figure 5).
These factors increased the elongation of the alloy, which could reach 18%. The bimodal
texture made the strength of the AZY2 sheets lower than AZY1, but the strength of AZY2
was higher than AZY0 due to the reduction in grain size, the increase in precipitation phase,
and the increase in recrystallization grains. However, with the further increase in Y content
to 1.5 wt.%, the formation of many large-sized Al,Y precipitates inhibited the deformation
and recrystallization growth of grains in the rolling process, which led to grain breakage,
uneven grain size, and reduction in the number of recrystallized grains in the AZY4 sheets.
These factors reduced the elongation of AZY4 to 15.5%.

5. Conclusions

The effect of Y alloying on the microstructure and mechanical properties of the AZ61-
modified rolled sheets were systematically investigated. The following main conclusions
could be drawn:

(1) The addition of Y could form the Al,Y phase and effectively promoted the occurrence
of recrystallization, so that many parallel or interlaced deformation grains in the AZ61
magnesium alloy sheet gradually changed into the equiaxed crystal structures and
completed the macroplastic deformation of the alloy.

(2) Theaddition of Y could weaken the texture and changed the texture type and made the
concentrated grain orientation dispersed. The weakened bimodal texture improved
the elongation significantly in 0.9 wt.% of the Y-modified AZ61 sheets.

(3) The main precipitate phase of the Y-alloying AZ61 sheets was AI2Y. Due to the large
consumption of the Mn and Al elements, there was no obvious large precipitation
of the AlgMns and Mg 7Al;; phases. As a result, the plasticity of the sheets with
0.9 wt.% of Y could be significantly improved, and even the elongation could reach
18%. Meanwhile, the yield strength and tensile strength still kept a relative value, i.e.,
186 MPa and 271 MPa, respectively.
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