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Abstract: This paper reports on the dilemma of the strength and forming behavior of magnesium
alloy sheets due to hot rolling and precipitation aging as an obstacle for property adjustment. The
effect of the Zn content on the age-hardenability and formability of Mg-Zn-Al-Ca-Mn sheets was
investigated. Sheets of two alloys with 2 or 4 wt.% Zn, respectively, were produced by casting and
subsequent hot rolling and their microstructure development, precipitation behavior and formability
were examined. With higher Zn content the age-hardenability was increased, but at the same time the
formability of the sheet decreased, concurrent to the basal-type texture development during rolling.
On the other hand, the sheet containing a lower amount of Zn exhibited a weak rolling texture and
rather high formability but low age-hardenability. The addition of a larger amount of Zn improved
the age-hardenability through the formation of β′1 and β′2 phases. The basal texture was exhibited
due to the consumption of solute Ca due to the formation of the Ca2Mg6Zn3 phase. This study
suggests that this contradictory exhibition of the age-hardenability and formability of Ca-containing
and Zn-based alloy sheets requires a strategical approach in alloy and process design, which allows
tailoring the alloying elements and processing for the respective purpose.

Keywords: magnesium; sheets; age-hardenability; formability; texture; precipitates

1. Introduction

Magnesium alloy sheets offer promising solutions for lightweight construction as
semifinished products for the purpose of forming parts, e.g., for weight savings in auto-
motive or aerospace applications. Recently, besides economic considerations, poor room
temperature formability has prevented a wider use of magnesium sheets due the complex-
ity of hot forming operations. Thus, magnesium alloys with improved forming behavior
have been developed, aiming towards a specific microstructure development with texture
weakening [1–4] in recent years. These developments, however, resulted in a relative low
strength of the sheets, again due to eased slip activation along with the weak textures [5–7].
To overcome this dilemma, the development of heat-treatable Mg alloy sheets with high
formability has been investigated in recent years following the development of sheets with
weak texture and high formability [7–11]. These studies aim to develop sheet alloys, which
can be subjected to age hardening or bake hardening while exhibiting the respective weak
textures. In the viewpoint of the alloy design, it is important to promote the environment in
which alloying solutes effectively contribute to both strengthening and texture modification.
Zn, Ca and RE elements are the representative alloying elements in Mg alloys to bring
out the weak texture and therefore enhanced formability of the respective Mg alloy sheets.
These alloying elements have been reported to contribute to texture weakening by retarding
recrystallization through the segregation of the alloying elements in a periodic manner at
grain boundaries, stacking faults and twin boundaries [1,12–14] or by increasing the activity
of nonbasal dislocations [15,16]. In addition, these elements are principal elements, which
can also exhibit precipitation hardening in Mg alloys [6,17–21]. Particularly, in Zn-based
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Mg alloys, the [0001]α rods composed of Mg and Zn are formed in the prismatic planes
of the Mg alloy matrix and effectively increase the strength of the alloy compared to the
other precipitates formed in the basal plane such as Mg17Al12 or Mg2Sn precipitates in the
respective alloys [22,23]. As these alloying elements play their crucial roles in both texture
weakening and precipitation strengthening in different forms of solutes and precipitates,
respectively, it is important not to lose their roles during a thermo-mechanical treatment
and postprocessing such as sheet rolling and heat treatment. In this regard, alloy design
for Mg sheets with high strength and formability has to be carefully implemented in con-
sideration of the reaction between alloying elements. Although the effects of Zn and Ca
on the age-hardenability and formability of the Mg alloy sheets were recognized in recent
works [4–6], they have not been reported with respect to a comprehensive alloy design
containing Zn and Ca by addressing both texture weakening and precipitation hardening.
It also needs adjustment for the timely development of the respective properties during
the applied processing scheme, i.e., hot rolling or forming in contrast to property adjust-
ment by precipitation hardening. In this paper, the sheet properties in Ca-containing and
Zn-based Mg alloy sheets are addressed according to a varied content of Zn and the aging
behavior and texture evolution of the sheets are investigated. The precipitation behavior,
formability and microstructure evolution of the investigated alloy sheets were assessed
by using hardness measurements, tensile testing, Erichsen testing as well as scanning and
transmission electron microscopy.

2. Materials and Methods

The ingots of two alloys, with nominal compositions of Mg-xZn-1Al-0.3Ca-0.3Mn,
were prepared by gravity casting with a variation in the Zn content. In order to see a
clear difference in the material response during hot rolling and aging, the Zn content was
distinctly varied as x = 2 wt.% in alloy ZAXM2100 and 4 wt.% in alloy ZAX4100. The
molten metal with the target composition was cast in a steel crucible under a protective
atmosphere of an Ar and SF6 mixture. After pouring the melt, the crucible was directionally
quenched in water. The rolling billets with a thickness of 10 mm were machined from
these as-cast materials. The billets were then heat-treated at 300 ◦C for 2 h and hot-rolled
at the same temperature to a final thickness of 1.8 mm. The rolling schedule consisted of
several rolling passes with an increasing degree of deformation per pass from 5 to 20%.
Moreover, the intermediate annealing (or reheating) of the rolled sheet was conducted at
300 ◦C for 10 min prior to each upcoming rolling pass. A homogenization treatment of the
rolled sheets was conducted at 350 ◦C for 3 h, and an aging heat treatment was performed
at 180 ◦C for up to 145 h.

The Vickers hardness, HV0.5, was measured using an EMCO-Test M2C010 as an
average of 10 indentations on longitudinal sections of the sheets. The textures of the
homogenized sheets were measured using a Panalytical X-ray diffractometer and Cu
Kα radiation. The (0002) pole figures were recalculated using a MATLAB-based toolbox
MTEX [24] from six measured pole figures. Tensile tests were performed using a Zwick
Z050 at room temperature using the homogenized and peak-aged samples 52 mm in
length and 18 mm in gauge length based on the DIN 50125, along the rolling (RD) and the
transverse directions (TD). The stretch formability (Index Erichsen, IE) of the heat-treated
sheets was tested at room temperature. The tests were carried out with a blank holding
force of 10 kN, a punch diameter of 20 mm and a deformation rate (punch displacement)
of 0.5 mm/min. Microstructural analyses were performed using a scanning electron
microscope (SEM, TESCAN Vega3, Brno, Czech Republic), scanning transmission electron
microscope (STEM, ZEISS Crossbeam 550 L, Oberkochen, Germany) and transmission
electron microscope (TEM, FEI Talos F200i, Hillsboro, OR, USA), as well as an energy-
dispersive X-ray spectroscope (EDS). The specimens for STEM and TEM analyses were
prepared from the transverse plane of the sheet by using a dual-beam SEM-FIB microscope
at the ZEISS Crossbeam 550 L. The thermodynamic calculations for the corresponding alloy
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compositions were carried out using the Pandat software [25] to calculate the amount of
the dissolved Ca solutes in the matrix.

3. Experimental Results
3.1. Influence of the Zn Content on the Microstructure and Age-Hardenability

The optical micrographs of the as-rolled and homogenized ZAXM2100 and ZAXM4100
alloy sheets are presented in Figure 1. Deformation twins and deformation bands are shown
in both sheets in the as-rolled condition (Figure 1a,b) revealing a rather unclear grain
structure. Secondary phases aligned in stringers along the RD are observed in both sheets
in the as-rolled and the homogenized conditions. It can also be noted that the amount
of the precipitates aligned in stringers is higher in the homogenized ZAXM4100 sheet
than in the ZAXM2100 sheet (Figure 1c,d) The average grain sizes of the homogenized
sheets are 10.2 µm for ZAXM2100 and 21.3 µm for ZAXM4100, respectively, referring
to a homogeneous and fully recrystallized microstructure. Although both sheets in as-
rolled condition show similar microstructural aspects, in the homogenized condition the
average grain size of the higher Zn containing ZAXM4100 sheet is approximately twice
that of the ZAXM2100 sheet. This already indicates that the grain boundary movement
of the ZAXM4100 was not stably suppressed at the homogenization temperature, 350 ◦C,
compared to that of ZAXM2100, referring to the higher content of Zn.
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Figure 1. Optical micrographs of (upper) as-rolled and (below) homogenized (a,c) ZAXM2100 and
(b,d) ZAXM4100 alloy sheets. The homogenization treatments were conducted at 350 ◦C for 3 h.

The SEM micrographs of the homogenized alloy sheets, Figure 2, depict that the
secondary particles are arranged along the RD. The volume fractions of the secondary
particles and the alignment of the precipitates in stringers appear higher in ZAXM4100
than in ZAXM2100. For the higher alloyed homogenized ZAXM4100 sheets, the chemical
composition analysis of the secondary particles was carried out by EDS attached to the SEM
(Figure 3). The chemical composition of the matrix and secondary particles are labelled and
indicated by yellow arrows in Figure 3 and described in Table 1. The results indicate that
the points A to D corresponding to the secondary phases are composed of Al, Ca and Zn.
This is consistent with the Ca2Mg6Zn3 phase [12,22] according to the stoichiometry of Ca
and Zn. Correspondingly, the equilibrium phase fractions for ZAXM2100 and ZAXM4100
alloy sheets calculated by the thermodynamic software Pandat are shown in Figure 4. At
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the homogenization temperature, 350 ◦C, Ca2Mg5Zn5 and Al2Ca phases show different
volume fractions for the two alloys along with a primary Al8Mn5 phase.
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Table 1. Chemical composition (in at.%) of the matrix and particles in homogenized ZAXM4100 alloy
sheets indicated by yellow arrows inserted in Figure 5.

Points Al Ca Mn Zn Mg

A 11.8 7.9 15.1 Bal.

B 8.0 5.1 10.7 Bal.

C 5.1 3.9 7.5 Bal.

D 8.2 6.1 11.2 Bal.

E 6.4 6.7 13.8 Bal.

F 1.1 0.1 1.5 Bal.

The Ca2Mg5Zn5 phase shows a visible volume fraction in ZAXM4100 compared to
ZAXM2100. On the other hand, ZAXM2100 also exhibits an Al2Ca phase at the homoge-
nization temperature, unlike ZAXM4100 alloy. A Ca2Mg6Zn3 phase, which was the main
phase constituted in the homogenized ZAXM4100 alloy sheet as revealed in Figure 3,
shows a different stoichiometry compared to the expected Ca2Mg5Zn5 phase from Figure 6.
Nevertheless, it is clear that the volume fraction of the phase composed of Zn and Ca
increases as the amount of Zn addition increases.
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In order to increase the strength of the sheets, an isothermal aging treatment of the
investigated sheets was conducted at 180 ◦C after the homogenization treatment. Figure 5
displays the hardness versus the aging time for both sheets. The average initial hardnesses
of both alloy sheets are the same at 53 Hv, where the ZAXM4100 alloy sheet shows larger
standard deviation. The peak hardness is 60 Hv after a heat treatment of 72 h for the
ZAXM2100 sheet and 68 Hv after 100 h for the ZAXM4100 sheet, respectively. As the Zn
content increased from 2 wt.% to 4 wt.%, the peak hardness was improved, but the change
in precipitation kinetics, i.e., the time to peak hardness, was delayed.

STEM micrographs in dark-field mode are shown in Figure 6 for the homogenized
and peak-aged sheets. Some particles are shown at the grain boundaries and embedded
in the matrix in the homogenized ZAXM2100, Figure 6a. In contrast, the homogenized
ZAXM4100 rarely shows particles in the matrix in this magnification, Figure 6b. After
peak aging, Figure 6c,d, lots of precipitates are newly formed in both alloys despite the
different Zn content. Microstructures with the precipitates, especially in the form of rod
shapes, are directional-dependent. Since an observation zone-axis cannot be controlled by
using the STEM, the observed grains in Figure 6c,d cannot be compared along the same
observation axis. Therefore, the dimensions of the precipitates cannot be compared in this
context. However, regardless of the length or width of the precipitates, ZAXM4100 shows
a distinctly higher density of precipitates than ZAXM2100 after the aging treatment. A
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chemical analysis by EDS for the precipitates formed in the homogenized sheets is shown
in Figure 7. The compositions of the indicated points (see yellow arrows) are described
in Table 2. The matrix indicated by points G and J for the two alloys shows a very high
content of Al, much higher than according to the nominal alloy composition. This result
needs to be neglected as electrons extracted from the STEM carousel sample holder, which
is made of Al and causes this increase in the Al content in the chemical composition of
all points. Thus, the amount of Al contained in the precipitates should be deducted by
the amount of Al in the matrix. In this regard, the precipitates indicated by points H
and I in homogenized ZAXM2100 alloy are composed of Al and Ca, indicating Al2Ca.
Likewise, the particle K composed of Mg, Zn and Ca is visible in a rare amount in the
homogenized ZAXM4100 sheet. In accordance with the calculated equilibrium phase
fraction, the ZAXM2100 shows a higher amount of Al2Ca particles in comparison to the
ZAXM4100 sheet. It is noted that although the volume fractions of the secondary particles
consisted of Ca and Zn (as shown in Figures 1 and 2) are higher in the ZAXM4100 sheet,
the amount of fine Al2Ca particles (as shown in Figures 6 and 7) is higher in the ZAXM2100
alloy sheet. The TEM micrographs of ZAXM4100 before and after the aging treatment
are shown in Figure 8a–c. The homogenized ZAXM4100 sheet shows a small amount of
precipitates also corresponding to Figures 6 and 7. After aging, two types of precipitates
with a rod shape and in the form of plates are formed. The rod-type precipitates are lying
along [0001]α, considered to be [0001]α rods β′1, and plate-shape precipitates are formed on
the (0001)α plane, considered as (0001)α plates β′2 [23,26]. The EDS mapping results of the
peak-aged ZAXM4100 sheet corresponding to the Figure 8c are depicted in Figure 9. The
[0001]α rods and (0001)α plates are composed of Mg and Zn, corresponding to the β′1 and
β′2 phases. Lines and sub-structures are attributed to the diffraction contrast contributed by
the transmitted image.
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Table 2. Chemical composition (in at.%) of the matrix and particles in homogenized ZAXM2100 and
4100 alloys indicated by yellow arrows inserted in Figure 8.

Points Al Ca Mn Zn Mg

G 6.4 0.1 0.11 0.7 Bal.
H 15.7 3.2 0.3 Bal.
I 47.0 21.0 0.10 1.0 Bal.
J 4.7 0.01 1.3 Bal.
K 19.7 11.6 0.03 20.3 Bal.
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3.2. Influence of the Zn Content on the Texture and Formability

Calculated (0002) pole figures of the as-rolled and homogenized ZAXM2100 and
ZAXM4100 sheets are presented in Figure 10. The pole figure of the as-rolled ZAXM2100
exhibits a uniformly distributed orientation distribution, where basal poles split toward
the RD of the sheet and the poles also show a broad angular distribution towards TD.
After the homogenization treatment, the split basal poles toward RD are almost vanished,
leaving a weak quadrupole alignment of basal planes. Contrarily, the as-rolled ZAXM4100
sheet shows a stronger texture, where basal poles split to RD but no distinct TD spread is
observed. In addition, basal poles in the ZAXM4100 alloy sheet converge from the RD to
the normal direction of the sheet (ND) after homogenization treatment, finally showing a
basal-type texture. These different textures of homogenized ZAXM2100 and ZAXM4100
sheets, i.e., quadrupole and basal-type textures, would bring out the different tendencies in
yield asymmetry along the RD and TD.
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The tensile tests of the investigated sheets before and after aging heat treatment were
performed at room temperature along the RD and TD of the sheets as shown in Figure 11
and Table 3 in order to reveal the influence of the aging treatment on the mechanical
properties. The yield (YS) and ultimate strength (UTS) of the homogenized ZAXM2100
sheet along RD and TD are 150 MPa and 252 MPa, and 129 MPa and 239 MPa, respectively.
The YS and UTS of the ZAXM4100 sheet along RD and TD are 135 MPa and 263 MPa, and
130 MPa and 250 MPa, respectively. Thus, the YS of the ZAXM4100 alloy sheet is lower
or similar in comparison to that of the ZAXM2100 alloy sheet. The coarser grain structure
of the ZAXM4100 sheets in Figure 1 is considered to cause the lower YS compared to the
finer-grained ZAXM2100 sheet. In addition, the yield asymmetry along the RD and TD
of the ZAXM2100 sheet is higher than that of the ZAXM4100 alloy sheet. The ZAXM2100
sheet shows higher elongation along RD and TD, 23% and 24%, than the ZAXM4100 sheet,
22% and 17%, respectively. After the aging treatment, corresponding to the peak hardness,
the yield strength of the ZAXM2100 and ZAXM4100 sheets highly increases from the
homogenized condition. In contrast to the homogenized condition, ZAXM4100 exhibits a
higher increment in YS along RD, 61% from 135 MPa to 217 MPa, and 66% from 130 MPa
to 216 MPa along TD. Comparing to the peak-aged ZAXM4100 alloy sheet, the ZAXM2100
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alloy sheet shows a lower increment in YS, showing a 7% increment from 150 MPa to
161 MPa along RD and a 16% increment from 129 MPa to 149 MPa along TD. Interestingly,
the elongation of the ZAXM2100 alloy sheet is almost identical to the elongation before
and after the aging treatment, suggesting no sacrificed ductility due to the aging treatment.
ZAXM4100 shows a slight decrement in elongation after the aging treatment from 22% to
18% and from 17% to 15% along RD and TD, respectively. Considering the large increment
in the YS of the ZAXM4100 alloy sheet, this decrement in elongation is highly satisfactory. In
general, improved strength achieved by age hardening results in a yield strength decrease.
In the two investigated sheet alloys of this study, however, the peak-aged alloy sheets
almost maintained their ductility after a peak aging treatment.
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Table 3. Tensile properties of homogenized (HT) and peak-aged (PA) ZAXM2100 and ZAXM4100
alloy sheets along RD and TD. The numbers in parentheses indicate standard deviations of the results.

Samples Condition YS UTS El.

ZAXM2100-RD
HT

150 (3) 252 (5) 23.2 (1.4)

ZAXM2100-TD 129 (3) 239 (4) 23.8 (1.4)

ZAXM2100-RD
PA

161 (11) 239 (11) 25.0 (0.1)

ZAXM2100-TD 149 (3) 243 (5) 26.8 (4.7)

ZAXM4100-RD
HT

135 (1) 263 (1) 22.1 (1.2)

ZAXM4100-TD 130 (2) 250 (2) 17.0 (1.2)

ZAXM4100-RD
PA

217 (8) 270 (7) 17.8 (0.8)

ZAXM4100-TD 216 (2) 264 (2) 14.8 (1.0)

Erichsen tests conducted at room temperature using the homogenized sheets are
shown in Figure 12. The average Erichsen index of ZAXM2100 is higher at 6.3 mm compared
to that of ZAXM4100 at 4 mm, respectively. Thus, the ZAXM2100 sheet exhibits higher
formability than the ZAXM4100 sheet in this cold stretch forming condition. This result
is directly related to the contrasting textures of the sheets in Figure 10 and the enhanced
activation of basal slip along with the weaker texture of ZAXM2100.

In summary, ZAXM2100 and ZAXM4100 alloy sheets exhibit contrasting characteris-
tics in terms of precipitation hardening and formability. Although the ZAXM2100 sheet
shows higher formability compared to the ZAXM4100 sheet, the age-hardenability is not
satisfactory. Vice versa, the ZAXM4100 alloy sheet exhibits a higher hardness increment
obtained by aging treatment but shows less formability, which is not comparable to the
actual range of Mg alloy sheets with high formability [8,12,17,27,28].
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4. Discussion

The calculated amounts of dissolved alloying elements in the matrix of the two alloys
are presented in Table 4 based on thermodynamic calculations with Pandat. The increase
in the Zn content from 2 wt.% to 4 wt.% led to an increase in dissolved Zn and Al but a
decrease in the dissolved Ca and Mn content. Concurrently, the increased Zn solute in the
matrix corresponded to the higher hardening increment of ZAXM4100 in comparison to
ZAXM2100. Furthermore, the secondary particles composed of Mg, Zn and Ca as shown in
Figures 2 and 3 were increased in accordance with the increasing Zn content. This resulted
in a decrease in the dissolved Ca in the matrix due to the formation of these secondary
phases containing Ca. According to previous works [5,12,13,29,30], the coexistence of Zn
and Ca solutes at the surface and line defects, such as grain boundaries, twin boundaries
and dislocations, are attributed to the formation of the weak texture, where basal planes
exhibit broad angular tilts towards RD as well as TD, respectively. These solutes inhibit the
movement of dislocations and boundaries during thermo-mechanical treatment (i.e., rolling
and annealing) and concurrent recrystallization, resulting in such a weak texture. In this
regard, the Ca and Zn solutes should be present together in the matrix in order to obtain the
weak texture. However, in this study, the dissolved Ca solutes in the matrix of ZAXM4100
were depleted as indicated by the different Ca amount in the matrix of homogenized
ZAXM2100 and 4100, points G and J, in Table 2. This would cause the basal-type texture of
the ZAXM4100 in the as-rolled and homogenized condition to be different to that of the
ZAXM2100 alloy sheet. Additionally, the fine-grained microstructure of ZAXM2100 alloy
sheet can also contribute to the weaker texture. In our previous work [31], another Mg
alloy containing Y and Ca as acting elements AXW100 with finer microstructure showed
the similar weak texture compared to an AX10 alloy sheet without Y. The grain boundary
pinning by thermally stable Y-containing particles brought out the fine microstructure and
the weak texture. Likewise, the Al2Ca particles formed in the homogenized ZAXM2100
alloy sheet of the present study are considered to be attributed to the fine microstructure
by pinning the grain boundaries as shown in Figures 6 and 7, and the Al2Ca particles are
formed at the grain boundaries different to the ZAXM4100 alloy sheet.

Table 4. Calculated amount (in wt.%) of dissolved alloying elements in matrix of ZAXM2100 and
4100 alloys calculated by using a thermodynamic software Pandat.

Alloys Al Ca Mn Zn Mg

ZAXM2100 0.57 0.030 6.13 × 10−4 1.83 Bal.

ZAXM4100 0.84 0.012 4.29 × 10−4 3.10 Bal.

In this study, the contributions of Zn and Ca on precipitation hardening and tex-
ture evolution were investigated according to the Zn content changes. Even though Zn
and Ca contributed to the improvement of the age-hardenability and formability of the
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sheet, respectively, Zn and Ca showed contradicting contributions with respect to the
age-hardenability and the formability. This suggests that a strategic alloy and process
design is required to exhibit appropriate properties by controlling the alloy solutes to be in
a tailored condition for envisioned texture weakening and precipitation strengthening and
by designing a Zn-based alloy sheet with high age-hardenability and formability.

5. Conclusions

The effect of the Zn content on the precipitation behavior, texture evolution and forma-
bility of ZAXM alloy sheets was investigated in this study. The increased amount of Zn
addition brought out high age-hardenability in the ZAXM alloy sheets through the forma-
tion of Mg-Zn [0001]α prismatic rods and (0001)α plates. However, the ZAXM4100 alloy
sheet exhibited a basal-type texture and grain growth during the homogenization treat-
ment due to the consumption of Ca and the formation of a high amount of the secondary
phase. Vice versa, the higher amount of the solute Ca and Al2Ca particles were present
in the matrix of ZAXM2100 with a lower Zn content. The larger amount of Ca solutes
and fine-grained microstructure resulted from grain boundary pinning by Al2Ca particles,
attributed to the formation of a weak texture of which basal poles were split toward RD
and TD. Nevertheless, the smaller amount of Zn in the ZAXM2100 alloy sheet brought
out a weak age-hardenability after aging treatment. The results clearly show that ZAXM
series sheets have the potential to solve the conflict between good formability and low
strength while maintaining Ca as a solute element and Zn in the form of hardness-effective
rod-shaped precipitates. The alloy- and processing-specific adjustment of both roles of the
alloying elements aim towards a solution of the underlying dilemma between formability
and strength.
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