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A B S T R A C T   

Dilute Mg-Al-Ca-Mn alloys exhibit excellent strength-ductility combinations in the peak-aged condition due to 
ordered, single atomic layer Guinier-Preston (GP) zones. The present work explains why rolled sheet material is 
softer and less responsive to aging, as compared to extruded. Using crystal-plasticity modeling, it is shown that 
the initial texture of the rolled material permits the soft modes, basal slip and twinning, to accommodate more of 
the strain during in-plane tension, and they are less responsive to hardening by the finely dispersed GP zones. 
Even with the same number density of GP zones, the extruded material is stronger in tension along the extrusion 
axis due to an initial texture which forces higher relative activity of prismatic slip, a mode previously shown to be 
strongly affected by the GP zones. The present work reemphasizes the significant role of the initial texture in 
determining the strength and anisotropy of non-cubic metals and alloys.   

Age-hardenable Mg alloys based upon dilute additions of Ca together 
with Al and/or Zn have been developed which exhibit excellent 
extrudability along with a good balance between high strength and 
ductility. These dilute Mg alloys are strengthened by a high number 
density of disk-shaped GP zones lying parallel to the basal plane [1,2]. A 
recent study has determined the distinct strengthening effect these GP 
zones have on the various slip and twinning modes in a particular 
microalloyed, precipitation hardenable Mg alloy, AXM10304 
(Mg–1.31Al–0.33Ca–0.46Mn, in wt.%) [3]. It was shown that the basal 
slip and the extension twinning modes are only modestly strengthened 
by the GP zones, as compared to the prismatic slip. 

Often rolled sheet products are desirable, e.g., for automotive body 
panels, and thus attempts have been made to develop sheet alloys from 
the Mg-Al-(Zn)-Ca-Mn system. When the properties of rolled sheets of 
these Mg-Al-(Zn)-Ca-Mn alloys are compared to the extruded counter-
parts [2,4-19], it is found that the rolled products have a lower strength 
compared to the latter (Fig. 1). For instance, both rolled 
Mg–1.3Al–0.8Zn–0.7Mn–0.5Ca sheet, which exhibits good bake hard-
enability [14], and rolled Mg–1.1Al–0.3Ca–0.2Mn–0.3 Zn sheet, which 
shows high Index Erichsen values [12], have lower strengths than the 
extruded version. One sheet alloy amidst this class of age-hardenable, 
“lean” Mg alloys, ZAXEM11100 [15] has an exception aging response. 

However, it is not specifically relevant to the present study because it 
does not show the high-speed extrudability which is a hallmark of many 
of the other alloys [20]. This raises the question why the rolled 
Mg-Al-(Zn)-Ca-Mn alloys are less responsive to aging as compared to the 
extruded material. The objective of the present work is to provide an 
answer to this question. The hypothesis is that distinctions in the initial 
textures of the extruded and rolled materials is responsible, and a 
polycrystal plasticity-based approach is employed to test this 
hypothesis. 

Mg-1.2Al-0.4Ca-0.5Mn (wt.%) alloy sheets with 260 mm width and 
4 mm thickness were prepared by the twin-roll casting (TRC) process. 
The TRC sheets were first homogenized in a muffle furnace at 450 ◦C for 
2 h, followed by water quenching. The homogenized sheets were then 
rolled to obtain 1 mm thick plates with ~30% thickness reduction per 
pass. Between each rolling pass, the sheets were reheated at 450 ◦C for 5 
min. The as-rolled sheets were then solution treated at 450 ◦C for 1 h in a 
muffle furnace and quenched into water. A part of the specimens was 
artificially aged to the peak hardness, i.e., 170 ◦C for 2 h in an oil bath. 
Details of the age hardening behavior of alloys from this system are 
presented elsewhere [2,4-6,9]. Tensile test specimens with gage length 
and width of 12.5 and 5 mm were machined from the solution-treated 
and peak-aged samples. Electron backscatter diffraction (EBSD) 
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analysis was performed using a field emission scanning electron mi-
croscope (FE-SEM), Carl Zeiss Cross Beam 1540EsB, equipped with an 
Oxford Instruments HKL Channel 5 electron EBSD system. Specimens for 
the EBSD analysis were prepared by mechanical polishing. The experi-
mental twin volume fraction is obtained from the EBSD data, using the 
MTEX (version 5.8.1) toolbox [21]. In brief, the {1012} extension twin 
boundaries are identified based on the misorientation relation 
86.3 ∘〈1210〉 with a 5◦ tolerance. Next, the parent grains are recon-
structed using the MTEX function merge where all grains that have a 
common twinning boundary are merged. By assuming that the twins 
consume less than half of the parent grain, an assumption which is fitting 
in the present study due to the strain paths and levels of strain explored, 
the volume fraction is obtained as Areatwinned

total grain area. For further details the 
reader is referred to [22]. Transmission electron microscopy (TEM) and 
atom probe tomography (APT) analyses were carried out using an FEI 
Titan G2 80–200 TEM operating at 200 kV and a local electrode atom 
probe (CAMECA LEAP 5000 XS) in voltage pulse mode at a temperature 
of 30 K, respectively. Thin foil specimens for TEM analysis were pre-
pared using the precision ion mill (JEOL EM-09100IS Ion Slicer). 
Needle-shaped specimens for the APT were prepared using the focused 
ion beam (FIB) lift-out and annular milling techniques with an FEI He-
lios G4 UX. 

Fig. 2a shows the initial texture of rolled AXM100. The hot rolling 
process results in a relatively weak texture with a maximum intensity of 
3.2 multiples of a random distribution (m.r.d) in the (0002) pole figure, 
with the highest intensity position tilted by 15–30◦ towards the rolling 
direction (RD). Notably, there is also significant spread of the basal poles 
along the transverse direction (TD). The (1010) pole figure shows only a 
slight preference for alignment of the prismatic poles with the RD. The 
EBSD normal direction (ND) inverse pole figure (IPF) map shows an 
equiaxed, uniform grain structure with an average grain size of 8.0 µm 
(Fig. 2b), which is quite similar1 to the grain size of the extruded [2,3] 
and rolled products of the same alloy [12]. 

Fig. 2c and d show the bright-field (BF) TEM micrograph and 3D 
atom map of the peak-aged sample, respectively. The BF-TEM image was 
taken from the zone axis of [0110], and Fig. 2c includes the selected area 

electron diffraction (SAED) pattern in the inset. The GP zones are 
densely dispersed on the (0002) planes of the matrix, as is clear from the 
strain contrast in the BF-TEM micrograph and the continuous streaks 
along the [0001] direction of the Mg matrix at the 1/3{1120} and 2/
3{1120} positions, as shown in the SAED pattern. The 3D atom map in 
Fig. 2d shows that the enrichment of Ca and Al within the GP zones, and 
the number density of the GP zones is ~ 9.6 × 1023 m − 3. These 
microstructural features are close to that of the peak aged microstruc-
ture of Mg-1.31Al-0.33Ca-0.46Mn (wt.%) alloy extrusions reported 
previously, despite the slight differences in the composition (within 
~0.1 wt.% for each element) of the two alloys [2,3]. 

Fig. 3a and b show the tensile stress-strain curves along RD and TD of 
the solutionized and peak-aged alloy sheets. The solutionized material 
has a yield strength of 160 MPa along RD and 130 MPa along TD. The 
peak-aging (T6) treatment (170 ◦C, 2 h) increases the yield strength to 
220 and 180 MPa, for RD and TD respectively. This implies an increase 
of ~ 50 MPa which is associated with the dense dispersion of the 
aforementioned Al/Ca-rich GP zones on the basal planes of the Mg 
matrix [2,3]. For ease of comparison, Figs. 3c and d show previously 
published stress-strain curves for tension and compression along the 
extrusion direction (EDt and EDc respectively) as well as compression 
along the radial direction (RaDc) for the extruded material. ED tension 
shows the largest increase in yield strength (~180 to ~300 MPa) fol-
lowed by RaDc (~90 to ~140 MPa) and EDc (~150 to ~180 MPa). 
Based on this data from extruded material, a set of strength and hard-
ening parameters for a crystal plasticity model was developed in our 
previous work [3], and it was shown that the prismatic slip is most 
strongly affected by the GP zones, whereas only a marginal strength-
ening effect is observed by the basal slip and the twinning modes. In the 
present work, the Elasto-ViscoPlastic Self-Consistent (EVPSC) code is 
used and the same model parameters which were used to describe the 
extruded material, were used to predict the response of the rolled ma-
terial, in both solutionized and peak-aged condition (Table 1). 

The simulated curves shown in Fig. 3 reveal that the yield behavior of 
the rolled material is accurately predicted using the same strength pa-
rameters that were developed for the extruded material. Notably the 
lower strength as compared to the extruded, as well as the yield 
anisotropy between RD and TD is accurately described, for both the 
solutionized and the peak-aged material. 

Note that the grain sizes and the solute contents of the solutionized 
materials of the two product forms are very similar. Furthermore, the 
size and number density of the GP zones in the peak aged rolled and 
extruded materials are almost identical. The agreement between pre-
dictions of the single polycrystal model and the experimentally observed 
behaviors of both product forms suggests that the model indeed accu-
rately accounts for the Hall-Petch grain size effects, solute strength-
ening, and even the strengthening effect of the shearable GP zones on 
each individual deformation mode, regardless of straining direction and 
product form. 

The model also predicts relative activities of the deformation modes 
for the solutionized and peak-aged extruded and sheet material (Fig. 4a 
and b). For ED tension, the initial texture is such that the prismatic slip is 
favored throughout, accompanied by some twinning activity at low 
strains. On the other hand, the rolled texture is such that basal slip ac-
commodates a large fraction of the strain. Only at later stages does the 
prismatic slip dominate in case of in-plane tension. The twinning ac-
tivities increase slightly after aging, whereas the activities of the other 
deformation modes remain qualitatively similar to the solutionized case 
(Fig. 4b). The measured and simulated twin volume fraction for the 
sheet material (Fig. 4c) confirms the larger twin activity for the pre-
dicted for the TD tension case, relative to the RD (Fig. 4a and b). This 
latter result is due to the spread of the basal poles towards TD in the 
initial texture of the rolled sheet. Finally, this leads to a slightly higher 
level of twinning activity and slightly softer response as compared to RD. 

It is worth mentioning that the apparent overestimation of the 

Fig. 1. A plot of the yield strength as a function of strength increment during 
aging, showing the relative age-hardenability of various “lean” Mg alloys re-
ported in the literature [2,4–19] emphasizing that extruded alloys are more 
responsive than rolled. 

1 In the previous study a mean grain size of 15 μm was reported, which was 
obtained by considering grains larger than 5 μm. If all the grains are considered, 
a mean grain size of 7 μm is obtained. 
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Fig. 2. Initial texture and microstructure of rolled AXM100 sheet (a) (1010) and (0002) pole figures of the T4 treated material (b) EBSD ND-IPF map of T6 material 
showing equiaxed grain structure (c) a bright-field TEM micrograph taken along the [0110] zone axis, from the T6 material. The selected area electron diffraction 
(SAED) pattern shows continuous streaks along the [0001] direction of the Mg matrix. (d) the 3D atom map from the same material shows enrichment of Ca and Al 
within the GP zones and a number density of ~ 9.6 × 1023 m − 3. 

Fig. 3. Experimental and simulated stress-strain curves for tension along RD and TD, for the rolled AXM100 sheet in (a) T4 condition and (b) T6 condition. ED 
tension and compression and radial direction compression (RaDc) data for the extruded material in (c) T4 condition and (d) in T6 condition. Based on this data from 
the extruded material, a crystal plasticity model was developed which is used to predict the response of the rolled sheet. 
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simulated twin volume fraction for the in-plane tension case, especially 
at larger strains, is most likely due to the degradation of the EBSD 
diffraction patterns at larger strains, which leads to a decrease in the 
fraction of indexed points, e.g. for the T6 material, fraction of indexed 
points ~95% before straining (Fig. 2b), which degrades to ~90% after 
strain of 0.05 (Fig. 4d), and to ~70% after strain of 0.15 (Fig. 4e), when 
tested in tension along TD. Indexing hit rate for all the samples inves-
tigated in the present work are listed in Table S1. It has been shown that 
these non-indexed points are frequently associated with twins [23]. The 
grain boundary misorientation axis and angle distribution (Fig. S1) also 
shows the presence of a large fraction of the twin boundaries 
86.3 ∘〈1210〉 after 15% strain for the peak-aged RDt and TDt. The twin 
boundary fraction is slightly larger in case of TDt as compared to RDt, 
again confirming that the TD oriented sample is more prone to twinning 
by virtue of the initial texture. 

In relationship to previous studies of extruded material, the relative 
activity plots presented in Fig. 4 explain why in-plane tension of the 
rolled sheet is softer than EDt; the latter is controlled by prismatic slip 
and shows the largest strength increment after age-hardening. Readers 
are reminded that the twinning-controlled EDc (Fig. S2) shows only a 
modest strength increase upon aging, which helps explain why there is 
an increased level of twinning in the sheet material after aging since its 
strength relative to the other modes actually drops. Finally, basal slip- 

controlled RaDc (Fig. S2) shows a strength increment which lies be-
tween EDt and EDc. For the purpose of comparison, Fig. 4b reiterates the 
twin volume fraction evolution for the EDc and RaDc cases [3]. These 
two loading conditions are such that twinning accommodates a large 
amount of strain and thus a significant portion of the matrix is twinned 
after 15% strain. 

It is worth mentioning that the hardening parameters had to be 
adjusted in order to match the strain hardening behavior of the rolled 
sheet. The strain hardening of the basal slip and twinning modes had to 
be reduced, and it was found that almost no mode-level hardening is 
required to match the experimental curves.2 This result of low strain 
hardening for basal slip is in keeping with the early single crystal strain 
hardening study of Hirsch and Lally [24]. This also suggests that the 
hardening exhibited by the experimental, polycrystalline flow curves 
mainly arises from intergranular interactions and so-called “geometric 
hardening” due to texture evolution [25]. Figs. S3 and S4 show the 
experimental and simulated texture of the rolled sheet after deforma-
tion. After 15% strain (Fig. S3), clear evidence of prismatic slip-induced 

Table 1 
The Voce hardening parameters developed for the T4 temper and the T6 temper of the extruded material [3]. By using the same initial CRSS τi,0, the response of the 
rolled material was predicted. The hardening parameters τi,1 and θi,0were adjusted to match the experimental strain hardening behavior of the rolled material.  

Deformation mode τi,0 τi,1 θi,0 

T4 T6 T4 T6 T4 T6 

Basal 20 30 55 1 100 100 
Prismatic 101 140 20 1 100 100 
<c + a> 140 180 250 250 500 500 
TTW 46 61 0 0 1 1  

Fig. 4. Relative activity of deformation modes obtained from the EVPSC simulations of the rolled sheet tested in tension along RD (solid lines) and TD (symbol) for 
(a) T4 and (b) T6 material. Relative activities for ED tension of the extruded material is also shown using dotted lines for comparison. (c) Evolution of the twin 
volume fraction (experimental and simulated) for RD and TD tension of the sheet material as well as the twin dominated cases of ED and radial direction compression 
(RaDc) of the extruded material are shown. EBSD ND-IPF map of the T6 material tested in tension along TD after (d) 5% strain and (e) 15% strain, showing a decrease 
in the fraction of indexed points with straining. The unstrained map is shown in Fig. 2b. 

2 Note in-plane compression data is required to identify accurately the twin 
hardening parameters. Similarly, ND compression data is required to determine both 
the strength and the hardening parameters of the <c + a> slip. 
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texture evolution is observed, where the prismatic poles align with the 
straining direction (RD or TD) and the basal poles spread along TD and 
RD for RDt and TDt respectively. Note, the grains that are initially 
favorably oriented for twinning (i.e. c-axis initially aligned with the 
straining direction) reorient such that the c-axes of the twins align near 
to the ND. This is a hard orientation which subsequently accommodates 
strain by prismatic slip. This texture evolution is responsible for the 
strain hardening that is observed in the experiments and simulations. 
Since a lower fraction of grains are favorably oriented for twinning in 
case of ED tension, this texture hardening contribution is small and thus 
the experimental flow curve shows a lower hardening rate as compared 
to in-plane tension of the rolled sheet. Note, for both the extruded and 
the rolled material, no hardening of the prismatic slip is required (i.e. 
τ1 is set to 1). The results suggest that a dislocation-density based strain 
hardening rule in which the basal slip model is potently affected by the 
activity of other (e.g., prismatic) slip systems merits further exploration. 
A first exploration of this issue is represented by the discrete dislocation 
dynamics study of Bertin and Capolungo [26]. 

In conclusion, it is shown that a single polycrystal plasticity-based 
model of alloy strength can accurately predict the behavior of new, 
dilute Mg alloys with Ca along with Al and/or Zn regardless of product 
form. The results provide a satisfying (self-consistent) explanation for 
why the tensile yield strengths of rolled sheets are lower and why they 
exhibit a lower age-hardening response, as compared to extruded bars. 
As a corollary, the sheet material benefits from greater geometric 
(texture evolution-induced) strain hardening, which results in higher 
elongations than those exhibited by the extruded material. 
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