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Abstract: Lean alloyed Mg-Al-Ca alloys reveal weakened basal-type texture intensities and increased
room-temperature ductility when compared to pure Mg. Since the combined effects of the alloying
elements Al and Ca on texture evolution are not yet fully understood, in this study, two binary and
seven ternary Mg-Al-Ca alloys (ranging between 0–2 wt.-% Al and 0–0.5 wt.-% Ca) were subjected
to cold rolling with texture measurement after each rolling step. These measurements showed that
the basal-type texture of Mg is weakened by the addition of Ca, while the addition of Al leads to
stronger basal-type textures compared to the samples containing Ca. The joint effect of Al and Ca can,
for specific alloy compositions, lead to a steady-state basal texture intensity, which does not become
stronger with further rolling. We expect that the solubility limit of Ca in Mg affects this behaviour.
For comparison, mechanical properties were obtained by compression testing, showing high degrees
of deformation, of 15–25%.

Keywords: Mg-Al-Ca alloys; solid solution; cold rolling; mechanical properties; scanning electron
microscopy

1. Introduction

Magnesium and Mg alloys combine low density with moderate strengths, delivering
a promising lightweight structural metal to replace common Al alloys and modern steels
and further increase the efficiency of industrial applications [1]. However, their poor
room-temperature ductility, which is mainly caused by their hexagonal structure, prevents
wrought Mg alloys from entering commercial processing [2,3]. The activation of mainly
basal slip and tension twinning limits the overall formability and leads to sharp basal-type
textures during cold rolling [4,5].

Therefore, further cold rolling leads to premature failure and complex processing
routes need to be applied. Extrusion [6,7], asymmetric/cross rolling [8–10], and microstruc-
ture optimisation with grain refinement [11–13] have been successfully used in previous
research to modify the texture. Intrinsic alloy development approaches with the addition
of alloying elements have also been established. In particular, the addition of rare earth
(RE) elements [14–17], especially Y [18,19], Gd [18], Nd [15,20], and Ce [18,21], has been
shown to lead to texture improvement.

To overcome the use of these costly and rare elements, Pei et al. [22] and Sandlöbes
et al. [23] identified Mg-Al-Ca as a suitable alloy system with similar texture weakening
behaviour. Even small amounts of the alloying elements showed a significant impact
on the texture formation compared to pure Mg. Here, a higher level of non-basal slip
activity was observed. Non-basal slip is known to contribute to texture weakening and
to increase formability [14,24]. Recently, Jo et al. [25] investigated the impact of the Al
content in Mg-Al-Ca alloys, confirming texture weakening and the improvement of the
formability with decreasing amounts of Al. Further, Nandy et al. [26] indicated that the
addition of Ca weakens the basal texture and decreases the critical resolved shear stress
(CRSS) anisotropy, leading to enhanced ductility, while Al helps to increase strength. In our
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previous study [27], texture measurements of as-recrystallized (as-RX) samples with the
same compositions as those investigated in this work also showed weaker basal textures
and revealed that the alloy system is very sensitive towards compositional changes.

It has been shown that the initial texture is an important parameter influencing the
formability during cold rolling. For an AZ31 alloy, Atik et al. [28] measured higher strains
during cold rolling with off-basal textures and less strain localisation than with the initial
basal-type texture. In addition, high amounts of tension twins were observed. Further, in
the same alloy system, shear bands were observed after a height reduction of 10% during
the cold rolling of a sample with a basal-type texture and no shear bands for an off-basal
texture [29]. The lack of shear bands was attributed to the activation of both prismatic <a>
slip and tension twinning. Recently, Lee et al. [30] showed large shear bands for AZ31,
which they attributed to double twins occurring during cold rolling of a sample with a
basal-type texture, whereas, in a sample of the same alloy with an off-basal texture, it was
mainly the tension twins that were active, leading to very fine micro-shear bands and,
therefore, a finer microstructure.

The influence of both the initial textures and the two alloying elements, Al and Ca,
on the texture in Mg during cold rolling remains to be unraveled. This study aims to
systematically determine the effect of the Al and Ca contents on the texture by varying
their amounts and investigating the influence of different cold-rolling degrees, considering
samples with basal normal direction (ND) as well as off-basal transverse direction (TD)
orientations. To achieve this aim, we deformed two binary and seven ternary Mg-Al-Ca
alloys by step-wise cold rolling, and analysed their texture and microstructure after each
rolling step using x-ray diffraction (XRD) and electron backscatter diffraction (EBSD).

2. Experimental Methods

Sample synthesis was performed by casting and subsequent hot rolling to an overall
thickness reduction of 50%. Elemental Mg, Al, and Ca with purities higher than 99.98%
were used as starting materials. The casting procedure was conducted in an induction
furnace under pressure and Ar atmosphere. The subsequent hot rolling was achieved in
thickness-reduction steps of 10% at 430 ◦C, with intermediate reheating of 10 min. Next, at
an annealing temperature of 450 ◦C, a recrystallization treatment with subsequent water
quenching was carried out. Table 1 shows the investigated sample compositions in wt.-%,
which is used throughout this study unless otherwise stated.

Table 1. Investigated compositions in wt.-% with their nominal and measured chemical compositions
(with ICP-OES), respectively.

Sample Nominal Composition Mg Al Ca Cu Ni

S1 1Al-0.5Ca Bal. 1.040 0.524 <0.002 <0.002

S2 1Al-0.005Ca Bal. 1.080 0.006 0.004 <0.002

S3 1Al-0.1Ca Bal. 1.040 0.103 <0.002 <0.002

S4 1Al-0.2Ca Bal. 1.100 0.232 0.002 <0.002

S5 2Al-0.005Ca Bal. 2.110 0.007 <0.002 <0.002

S6 2Al-0.1Ca Bal. 2.140 0.113 <0.002 <0.002

S7 2Al-0.2Ca Bal. 2.120 0.214 0.002 <0.002

S8 0.1Ca Bal. 0.044 0.108 <0.002 <0.002

S9 1Al Bal. 1.000 <0.001 <0.001 <0.001

Samples for texture measurement were cut out of the sheets with electrical discharge
machining (EDM). The ND samples had a fixed length of 3 cm and width of 1.5 cm, while
the TD samples were 3 cm long and 1 cm high. The variable dimension was the initial
sheet thickness, which varied between 11.9 and 13.4 mm. A rolling mill from Carl Wezel
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Mühlacker was used to perform cold rolling. The roll diameter was 250 mm and the rotation
velocity was 15.7 m/min. The target height reduction (εh) per pass was 5%. Between the
rolling steps, a slice of 4–5 mm was cut by EDM for texture investigation. This procedure
was identical for both investigated rolling directions with ND and TD facing upwards,
respectively. Throughout this paper, the sample nomenclature is “Sx_ND/TD_ε%”, with x
indicating the sample composition and ε% denoting the height reduction. The mechanical
properties were measured with compression tests in the same loading direction as during
cold rolling with the TD orientation facing upwards. The cylindrical compression samples
had a diameter of 6 mm and were 9 mm high. A ZWICK 1484 universal testing machine
(ZwickRoell AG, Ulm, Germany) was used for testing, with an initial strain rate of 10−3 s−1.

Texture measurements were conducted with a D8 Advance X-ray texture diffractome-
ter (Bruker, Karlsruhe, Germany) with a FeKα target. All specimens were mechanically
ground and polished with diamond paste down to 1 µm. A total of six pole figures were
measured per sample. Parameters used for the orientation distribution function (ODF)
calculation were 3.5◦ for half width and resolution, respectively. For both ND- and TD-
oriented samples, the rotation of the ODF from the ND–TD-plane to the RD–TD-plane was
necessary to visualise basal (0002)-peak intensities.

For EBSD, the samples were further polished with diamond paste to 0.25 µm and fin-
ished with an electropolishing step using AC2 by Struers (30 V, 30 s, −20–−30 ◦C) (Struers
GmbH, Willich, Germany). A Helios Nanolab 600i (FEI, Eindhoven, The Netherlands) was
used for imaging using a current of 5.5 nA and acceleration voltage of 20 kV, with a 70◦

tilted sample setup. Further analysis of the texture components was performed with the
MTEX package for MATLAB (2020a, MathWorks, Inc., MA, USA) [31] and Python (3.8,
Python Software Foundation, DE, USA).

In addition to the representation of the texture in (0002) pole figures, two distinct
features of the textures were analysed: the spread ratio of the basal peak towards TD and
RD directions and the prevalence of a component in the pole figures. For the spread-ratio
parameter, the basal peak was averaged in a range of 10◦ around TD and RD, respectively.
The spread of the basal peak towards TD or RD is represented by the integral half width
of both averaged peaks, which was calculated using Simpson’s rule. The ratio of TD over
RD represents a prevalence of TD spread when the parameter was larger than one. With
respect to the prevalent component, only the rim of the {1010} pole figure was plotted to
obtain a one-dimensional representation, which is more intuitive to analyse.

3. Results
3.1. Mechanical Properties and Cold Rolling

The screening of the mechanical properties was performed through compression
testing of the as-recrystallized material. Compression testing was selected, as the stress
state during compression testing is more similar to the stress state during rolling than
tensile testing. However, tensile tests on the same alloys were reported in [27]. The results
of the compression tests are shown in Figure 1.

All the alloys showed clear ductile behaviour, with at least 15% compressive strain for
alloy S9 (Mg-1Al) and up to 25% for alloy S7 (Mg-2Al-0.2Ca). While the yield stresses for
all the alloys were similar, at around 45 MPa (except alloy S9 (Mg-1Al), with 22 MPa), the
ultimate compressive strength (UCS) showed differences between the alloys. The binary
alloys S8 and S9 delivered the lowest UCS values, at 286 MPa and 280 MPa, respectively.
The highest UCS in the group of alloys containing 1 wt.-% Al was 338 MPa (S3 (Mg-1Al-
0.1Ca)), while the highest UCS in the group of alloys with 2 wt.-% Al was 366 MPa (S6
(Mg-2Al-0.1Ca)).

A relative height reduction of up to 25% was reached for all the samples during cold
rolling. Among the S_ND samples, S9_ND (Mg-1Al) reached the lowest height reduction,
with 15%, S7_ND (Mg-2Al-0.2Ca), and S8_ND (Mg-0.1Ca) reached 25%; all the other alloys
deformed to 20%. Among the S_TD samples, S9_TD (Mg-1Al) reached a height reduction



Metals 2023, 13, 712 4 of 15

of only 15%, S6_TD (Mg-2Al-0.1Ca) and S7_TD (Mg-2Al-0.2Ca) deformed to 20%, and all
the other alloys reached 25%.
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Figure 1. Stress–strain behaviour of the investigated Mg-Al-Ca alloys under compression loading in
TD direction.

3.2. Texture Development—Pole Figure Types

To describe the texture evolution during cold rolling, a total of 64 pole figures were
measured and evaluated. Five different types of pole figure shape were distinguished for
both the S_ND and S_TD samples, as follows: ‘Smooth’ pole figures, with clear peaks;
‘scattered’ pole figures, with more than one peak in an undefined manner; and ‘split’
pole figures, with two peaks split in a defined direction. For the ‘unclear’ pole figures, it
was difficult to categorise the peaks between the first three types and they did not show
systematic connections among themselves (denoted by the question mark in Figure 2). The
‘intermediate’ pole figures showed peaks both at the rim and in the centre of the pole figure,
indicating a peak rotation. An example of each type is depicted in Figure 2.
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Figure 2. Observed types of pole figure for samples with different compositions and rolling reductions
(in %) deformed in normal direction (ND) and transverse direction (TD). Yellow and green background
colours indicate whether the type was observed for ND (green), TD (yellow), or both directions.
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While the ‘smooth’, ‘scattered’, and ‘unclear’ types occur in both the S_ND sample and
the S_TD sample, the TD split is only observed for two of the S_ND samples, namely the
S1_ND_5% (Mg-1Al-0.5Ca) and S2_ND_10% (Mg-1Al-0.005Ca) samples. The ‘intermediate’
type only occur during the investigation of the S_TD samples. ‘Smooth’ pole figure types
can be predominantly seen in the pole figures with higher maximum basal intensities
(>6 multiples of a random distribution (m.r.d.)) and increasing degrees of cold rolling
(10–25%). In contrast, the ‘scattered’ types are more frequently observed for the pole
figures with lower maximum basal intensities (≤6 m.r.d.) and rolling degrees between 0
and 5%. ‘Unclear’ types can not be attributed to distinct samples or rolling degrees. The
‘intermediate’ type is found for the S_TD_5% samples, indicating the rotation of the grains
after the change in the rolling orientation before rotating back into the basal orientation.
An overview of the association of the measured pole figures with the types, depending on
both the height reduction and the chemical composition, can be seen in Figure 3.
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3.3. Texture Development—ND Samples
3.3.1. Development of the Basal Peak Intensity

For the ND samples, the development of the basal peak intensities for the different
alloys is depicted in Figure 4.

The S9_ND (Mg-1Al) has the highest initial as-RX intensity, followed by the alloys
with 2 wt.-% Al at around 7 m.r.d. All the other alloys with 1 wt.-% Al have lower initial
intensities around 5 m.r.d. An exception is S2_ND (Mg-1Al-0.005Ca), which has an initial
intensity of 8.5 m.r.d. The binary S8 lays in between, with an initial basal intensity of almost
6 m.r.d.

The different alloys show varying evolution in their basal peak intensity during the
ongoing deformation. Regarding the alloys containing 2 wt.-% Al, the samples S5_ND (Mg-
2Al-0.005Ca) and S6_ND (Mg-2Al-0.1Ca) show a sharp increase in basal texture intensity
after the first rolling step, stable intensities in the case of the S5_ND (Mg-2Al-0.005Ca), and
further slight increases in the case of the S6_ND (Mg-2Al-0.1Ca) sample during further
rolling. The S9_ND (Mg-1Al) behaves similarly to the S5_ND (Mg-2Al-0.005Ca). In contrast,
the S7_ND (Mg-2Al-0.2Ca) sample exhibits constant basal intensities throughout the rolling
process. For the alloys containing 1 wt.-% Al, the alloys with low initial basal-texture
intensities (S1_ND (Mg-1Al-0.5Ca), S3_ND (Mg-1Al-0.1Ca), and S4_ND (Mg-1Al-0.2Ca))
experience a slight increase, from around 5 m.r.d to around 6 m.r.d, during the rolling
process. The S2_ND (Mg-1Al-0.005Ca) sample, on the other hand, shows a decrease in
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intensity until a height reduction of 10% was reached, while at 15%, an increase to similar
basal intensities to the initial value is detected. For the S8_ND (Mg-0.1Ca) sample, a first
increase is followed by a decrease to almost the initial intensity. In the last rolling step,
another increase leads to a final basal peak intensity of 7.3 m.r.d.
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3.3.2. Development of the Peak Shape

In addition to the maximum basal pole-figure intensity, the peak shape was investi-
gated to illustrate the spread of the peak towards TD or RD, as explained in the section
on the experimental methods. As shown in Figure 5, most of the samples exhibit a spread
ratio of over 1, which indicates a spread towards TD.
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RD and TD estimated at 1.75◦ (half of the resolution).

While the samples containing 0 wt.-% Al and 2 wt.-% Al show a decrease in TD spread
towards higher rolling degrees, for the 1 wt.-% Al samples, a more stable spread ratio, of
approximately 1.2, is measured. In case of the S6_ND (Mg-2Al-0.1Ca) sample, the initial
pole figure has the highest spread ratio, at over 1.8. The sample S7_ND (Mg-2Al-0.2Ca) has
the least overall spread.
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3.3.3. Development of the Prevalent Components

The measured intensities of the {1010}-pole figures were analysed to identify preva-
lent components of the different alloys. Therefore, the rims of these pole figures were
investigated. The calculated intensities can be seen in Figure 6.
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Mainly, there is a slight prevalence of the {1010} poles lying parallel to the RD. For the
as-RX conditions, only S1_ND (Mg-1Al-0.5Ca) shows this prevalence, while the other alloys
have a more random variation in intensity. With increasing degrees of deformation, this
prevalence tends to intensify. An exception to this rule is visible only for the S4_ND_5% (Mg-
1Al-0.2Ca), S4_ND_15% (Mg-1Al-0.2Ca), S5_ND_15% (Mg-2Al-0.005Ca), and S7_ND_20%
(Mg-2Al-0.2Ca).

3.4. Texture Development—TD Samples
3.4.1. Development of the Basal Peak Intensity

As with the S_ND samples, the basal peak intensities of the S_TD samples were
investigated. The resulting basal peak intensities are shown in Figure 7.

In the S_TD samples, the values for the initial textures are the same as those in Figure 4.
From that point, a significant drop in basal intensity with initial straining is observed for
all the alloys. However, at a height reduction of 10%, the basal peak intensities increase to
almost the initial values (except S2_TD (Mg-1Al-0.005Ca)). Further deformation leads to
almost constant basal peak intensities until failure. Contrary to this observation, the S9_TD
(Mg-1Al) does not exhibit this texture reorientation during the investigated range of height
reductions, and only a decreasing trend in the basal peak intensity is visible. Overall, the
alloys containing 2 wt.-% Al show higher basal peak intensities after the peak rotation, in
comparison to the alloys containing 1 wt.-% Al. The binary S8_TD (Mg-0.1Ca) has basal
peak intensities in the same range as the alloys containing 1 wt.-% Al.
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Figure 7. Maximum intensities of the basal (0002) peak for S_TD samples related to the relative height
reduction (εh) during cold rolling, including the absolute mean error resulting from the recalculation.

3.4.2. Development of the Peak Shape

As with the S_ND samples, the S_TD samples’ spread ratio was evaluated. The
measured spread ratio can be seen in Figure 8.
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of the pole figures for S_TD samples, including the error in the spread towards RD and TD estimated
at 1.75◦ (half of the resolution).

Here, the spread ratio is shown after the peak reoriented at a height reduction of
10%. In contrast to the S_ND samples, the spread ratio remains more stable. Only sample
S1_TD_20% (Mg-1Al-0.5Ca) exhibits a sharp increase in spread ratio. A visible trend is that
with the increasing Al content, the spread ratio tends to decrease. For the alloy containing
0 wt.-% Al, the spread ratio is 1.2, and for the alloys containing 2 wt.-% Al, it is around 1.
The alloys containing 1 wt.-% Al alloys lay in between those containing 0 and 2 wt.-% Al.

3.4.3. Development of the Prevalent Components

The prevalent components were also studied for the S_TD samples. The results can be
seen in Figure 9.
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Figure 9. Preferred components for S_TD samples as variation along the rim of the {1010}-pole figures.
Distance between TD and RD is 90◦.

As with the S_ND samples, for the S_TD samples, a prevalence of {1010} poles lying
parallel to RD is visible. Among the S_TD samples, all the deformed samples show this
prevalence, which tends to intensify with increasing degrees of deformation. A slight
peak inclined by 30◦ towards the TD can be seen for most of the samples. The S2_TD
(Mg-1Al-0.005Ca), S5_TD (Mg-2Al-0.005Ca), and S6_TD (Mg-2Al-0.1Ca) have the strongest
magnitude of these peaks. It should be noted that the S_TD samples show prevalent
components with a more pronounced and less scattered appearance.

4. Discussion
4.1. Mechanical Properties and Deformation under Cold Rolling Conditions

In our previous work [27], we investigated the mechanical properties of the same
alloys using tensile and compression testing, revealing that, especially for ductile Mg alloys,
casting defects and other impurities can lead to an underestimation of the formability. The
maximum deformation of 15–25% during the compression testing is of the same order
of magnitude as that achieved during cold rolling. For cold rolled pure Mg, maximum
deformations of only 10% have been observed [23]. It should be noted that for the S_ND
samples, more samples failed during the 20% rolling step, while among the S_TD samples,
most failed during the 25% rolling step. This might indicate that the 90◦ tilt of the texture
allows slightly higher deformation.

4.2. Sources of Error

Different error sources that affect the texture measurement have to be considered. A
negligible influence is attributed to the sample preparation. Fan et al. [32] reported that
only in materials with a high atomic number and, thus a low penetration depth for X-ray,
sample preparation might induce errors in XRD measurements. This is not the case for Mg
alloys. In addition, no differences were observed between unprepared samples and samples
polished up to 1 µm by Jäger et at. [33]. Intensity variations in the X-ray source can occur;
however, these are also negligible because intensities are normalised and the background
of the measurement is known. Also, aberrations due to X-ray optics and absorption should
not have a strong effect, as the measured data are automatically corrected for potential
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errors. The strongest influence on the resulting pole figures is considered to be caused by
the determination of the ODFs. The chosen parameters for half width and the resolution
of the grid during the calculation of the ODFs affect the basal peak intensities and pole
figure shapes. In particular, when comparing texture-related parameters to values from the
literature, the selection of the parameters for pole figure calculation has to be taken into
account carefully. We therefore suggest the inclusion of these parameters into publications
on texture.

Throughout this study, all the parameters were kept in line with the values given in
the section on the experimental methods to ensure the comparability of the pole figures.

4.3. Texture Development—ND Samples

All the investigated samples showed rather weak basal textures in the as-RX condition,
which were much lower than those observed for pure Mg [19,34]. This was also observed in
our previous study [27]. It has to be considered that the grain size of the S1_ND is slightly
lower than that of the other alloys [27]. Generally, with further deformation, an increase
in the basal peak intensity is expected, and has been seen in pure Mg [35], AZ31 [30], and
other Mg-alloys [35–37]. For most of the alloys in this study, this texture evolution was also
observed. The predominant activation of the basal <a> slip in Mg alloys is the main cause
of the formation of basal-type textures, as reported by Chapuis et al. [38]. Basal slip leads
to a reorientation of the basal slip planes perpendicular to the rolling force. This leads to a
near-zero Schmid factor for basal slip and sharp basal textures [39]. Both the increasing
basal peak intensity and the decreasing peak spread ratio indicate this reorientation through
basal <a> slip.

A significant impact on both the as-RX texture and the texture evolution is attributed to
the alloying elements. Here, Ca has a rather activating effect because very low amounts of
Ca lead to texture weakening [40,41]. In contrast, the addition of Al has a more significant
influence on the basal peak intensity. Generally, an increased activation of <c + a> slip can
lead to a weaker basal texture in Mg-Al-Ca alloys [23,27]. Wu et al. [42] investigated the
influence of the combined addition of Al and Ca to Mg with DFT calculations in the solid
solution composition range, indicating a lower cross slip energy for the <c + a>-dislocations
in comparison to the sole Al alloying or conventional AZ31. In our previous work, we
proposed a strong connection between the Al content and both the solubility limit of Ca
and the amount of Ca in the alloy [27]. The results of the present study confirm that
this correlation appears to occur not only for the as-RX textures, but also for deformation
textures. Increasing Al amounts lead to decreases in Ca solubility [25].

Three different effects can be distinguished. First, for low amounts of Al and Ca solved
in the matrix, non-basal slip systems were activated. In cases such as this, remarkably low
amounts of Ca (0.005 wt.-%) were sufficient to enable non-basal slip. Second, when the
Al amount increased, less Ca was solved in the matrix and under ongoing deformation,
basal slip was predominant. This led to increasing basal textures, especially for the S5_ND
(Mg-2Al-0.005Ca) and S6_ND (Mg-2Al-0.1Ca) samples (compare Figure 4). Third, further
increases in Ca induced a new additional mechanism that suppressed the strengthening of
the basal-type texture. For this mechanism, we propose that the increasing influence of Ca
segregation at grain boundaries observed by Nandy et al. [26] hinders grain rotations and
supports weaker textures.

The peak spread analysis revealed a slight tendency towards a TD spread of the
basal texture peak for most of the alloys and deformation degrees. In the literature, RD
splitting is attributed to the activity of the <c + a> slip, while a TD split is formed by the
activation of prismatic and/or pyramidal <a> slip [43,44]. For pure Mg [35], AZ31 [43], and
Mg-Y alloys [19], often, RD splitting is observed. A similar TD spread was observed for
Mg–RE alloys [14–16,45,46] and Ca-containing alloys [47,48]. Since our previous study [27]
indicated significant activity of the pyramidal <a> slip, which increases with increasing Al,
we assume that the high Al content caused the observed higher TD spread. Kim et al. [48]
also noted that <c + a> slip was still possible, although a slight TD split was visible. As
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more non-basal slip systems are active, an overlap between different slip systems is the
most likely outcome [27].

Steiner et al. [49] found for an AZ31 alloy that the {0001} <1010> texture component,
which was also found in the present study, evolves during cold rolling. The authors as-
sumed that joint basal and prismatic slip is necessary to form this component. Interestingly,
the S7_ND (Mg-2Al-0.2Ca) sample, which shows stable basal peak intensities, shows only a
very weak presence of the {0001} <1010> texture component. According to Steiner et al. [49],
the absence of prismatic slip could be concluded. A similar observation, with a more
scattered texture, can be drawn for the S4_ND (Mg-1Al-0.2Ca) sample. To the authors’ best
knowledge, prismatic slip was not detected in Mg-Al-Ca-alloys with Ca contents above
0.2 wt.-% Ca [27]. We suggest, at least for alloys containing Al and 0.2 wt.-% Ca, that the
activation of prismatic slip is hindered by either an increased CRSS for prismatic slip or,
more likely, the easier activation of other slip systems. Furthermore, the increased ductility
due to texture weakening with Ca-segregation, as observed by Nandy et al. [26], could
lead to an increased activity of basal slip accommodating deformation in the <a>-direction,
making the further activation of prismatic slip difficult.

An overview of the intensities of the basal peak in the as-RX condition and their
evolution during cold rolling is given in Figure 10. As indicated, some of the alloys
corresponded to two-phase fields, which led to precipitates in the case of S1 (Mg-1Al-
0.5Ca), as previously shown in [27], while the other alloys very close to the solubility limit
did not show precipitation behaviour. The influence of the precipitates can be considered
negligible in the context of texture formation [27].
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Figure 10. Overview of the as-RX basal peak intensities (BPI) and their evolution during cold rolling
for the S_ND samples depicted in the Mg-rich corner of the Mg-Al-Ca phase diagram adapted
from [27].

4.4. Texture Development—TD-Samples

The main difference between the S_ND and S_TD samples is the observed rotation of
the basal peak parallel to the loading force. This rotation can be related to the ‘intermediate’
texture type presented previously. To investigate how this rotation was achieved, we
additionally performed EBSD on two selected samples, the ternary TD_S4_5% (Mg-1Al-
0.2Ca), which experienced rotation, and the binary TD_S9_5% (Mg-1Al), which did not
experience rotation. Figure 11 shows representative inverse pole figure (IPF) and kernel
average misorientation (KAM) maps of both samples.
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Deformation twinning is active in both conditions, indicating that the reorientation
was induced by deformation twinning, as was also reported by [50,51]. The tensile twins
led to a re-orientation of the c-axis by about 86◦, resulting in the observed basal-type
texture after further rolling. Interestingly, the binary alloy did not show this reorientation.
We consider two possible reasons for this observation. First, for the reorientation of the
intrinsically larger grain sizes by deformation twinning, higher deformation degrees could
be needed, as the nucleation of deformation twins mostly occurs at grain boundaries [52],
resulting in premature failure before the reorientation has finished. Second, in addition to
the large grain size, a pronounced basal-type texture is present. Therefore, fewer grains
were preferably oriented for twinning and basal slip when compared to the other alloys
investigated in this study, hindering homogenous strain accommodation. In comparison,
the KAM maps in Figure 10 show that the alloy S4 (Mg-1Al-0.2Ca) contains both higher
and more homogeneously distributed strain in its microstructure than alloy S9 (Mg-1Al).
In addition to the previously proposed higher activation of <c + a> slip in most of the
ternary alloys, we also attribute the increased formability to the small grain sizes in the
alloys containing Ca, combined with weaker basal textures. The increased number of grains
contributing to the deformation with generally easily activated deformation twinning and
basal <a> slip was not compensable with non-basal slip and, hence, not negligible.

We observed for the S_ND samples that the as-RX basal peak strength also influenced
the peak strength after the deformation. Here, a stronger as-RX basal peak intensity also led
to a higher basal peak intensity after the cold rolling. Although the basal peak intensities
after the reorientation increased to approximately the as-RX values, no further increase was
seen during the ND cold rolling. The refinement of the microstructure during twinning
probably allows more uniform deformation with further rolling, and the basal-type texture
intensity does not increase further [30].

For the S_TD rolling orientation, the TD spread is smaller than that of the S_ND
samples. In addition, the spread ratio remains constant until failure. This could indicate a
uniform deformation, in which the activated slip systems contribute with similar fractions
to the deformation. Different Schmid factors are also likely to have affected the TD spread,
especially for the as-RX conditions.
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5. Conclusions

In this study, seven Mg-Ca-Al alloys, one Mg-Ca alloy, and one Mg-Al alloy with
systematically varied alloying contents were investigated to unravel the alloying-related
effects on the texture development during cold rolling. The following conclusions can
be drawn:

- All the investigated alloys showed a high degree of deformation compared to pure
Mg during compression testing and cold rolling.

- The initial as-RX textures were weak for all the alloys compared to pure Mg.
- The cold rolling of the basal oriented samples (with the initial sheet in the normal

direction) led to a gradual increase in the basal peak intensity, except for the Mg-1Al-
0.005Ca, which showed a slight decrease until a height reduction of 10% was reached,
followed by an increase.

- For the off-basal oriented samples (with the initial sheet in the transverse direction)
the cold rolling resulted in a reorientation of the basal peak accompanied by a drop
in basal peak intensity at a height reduction of 5%. At a height reduction of 10%, the
reorientation was complete, and the basal peak intensity had similar levels to the initial
texture strength. No further increase in the basal peak intensity was observed. The
Mg-1Al did not show this reorientation, probably due to premature failure. Overall,
the TD samples exhibited weaker basal peaks than the ND samples.

- The basal peak intensities of the initial and the cold rolling textures were dependent
on both the Ca and the Al content. While increasing amounts of Al led to stronger
basal peak intensities, the addition of Ca weakened the basal texture’s intensity. It
is proposed that the solubility of Ca is closely related to the texture formation. An
increasing amount of Al lowers the solubility of Ca, which leads to an increase in basal
peak intensity. Higher Ca addition again leads to weaker basal peak intensity, and
might be used to overcome of this effect.
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