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EXECUTIVE SUMMARY 
This research program seeks to develop, evaluate, and demonstrate a magnesium (Mg) alloy and 
commensurate processing configuration suitable for rolling, automotive appearance grade sheet, 
and formatting large, challenging automotive panels with a fully accounted integrated component 
cost increase over conventional stamped steel components of no more than $2.50/lb. saved.  A key 
factor in the limited formability is the strong texture that develops during the fabrication of wrought 
alloys by rolling and extrusion. The predominance of the basal slip and {101$2} extension twinning 
mechanisms lead to a basal-dominated texture characterized by the basal plane poles oriented 
parallel to the direction of applied force [1]. For Mg alloys with non-rare earth (RE) element 
additions (e.g., aluminum, tin), this basal texture persists even after recrystallization [2].  
 
Select alloying additions such as the RE-type have demonstrated success in altering the basal 
texture following recrystallization [3 – 4].  Addition of REs such as cerium (Ce) and neodymium (Nd) 
have been shown to enhance formability via texture modification when rolling is performed at 
certain temperature and strain rate conditions [5 – 8].  Although the determinant mechanism 
underlying the texture evolution remains unclear, several contributing factors have been identified.  
In solid solution Mg alloys, dynamic strain aging (DSA) has been attributed to texture modification 
in Mg-RE alloys [6]. DSA is a diffusion-controlled process causing an increase in work hardening 
rate and negative strain rate sensitivity, relating to the pining and unpinning of dislocations by 
solutes.  In steel rolling, these conditions lead to the formation of shear bands [6].  Shear band 
nucleation, observed under conditions in which DSA occurs, has been attributed to be responsible 
for texture weakening in dilute Mg –RE alloys. Ca, a low-cost substitution for RE elements, with 
similar atomic size to Ce has the potential to cause DSA and thereby texture modification in Mg-
Ca alloys, as reported previously by Wang et. al. [8] in extruded alloys. 
 
Another solute of interest is zinc (Zn) due to its ability to promote solid solution strengthening in 
Mg [9].  Additionally, research by Lee et al [10], indicates that Mg-Zn-Ca (ZX-based) alloys have 
good formability and strength.  However, there is a lack of systematic understanding linking the 
composition to microstructure and properties.   
 
The scope of this research program was to investigate the role of Ca and Zn as solutes on texture 
development in Mg alloys for sheet processing.  This included: 

• A systematic investigation of the dynamic strain aging and negative strain rate sensitivity 
of dilute Mg-Ca and Mg-Ca-Zn alloys. 

• Characterization of the combinatorial effects of temperature and strain-rate on altering the 
DSA processing window. 

• Texture development in statically recrystallized Mg-Ca and Mg-Ca-Zn alloys processed 
in either the DSA or non-DSA regime. 

 
Overall, the project demonstrated several new findings to support alloy development efforts.  It was 
identified that the sole addition of Ca to the 𝛼-Mg matrix does not result in significant texture 
changes, even after deformation under DSA at 200oC and static recrystallization. However, 
additions of Ca and Zn solutes to the 𝛼 -Mg matrix resulted in weaker textured grains after 
processing under DSA and non-DSA conditions and static recrystallization. No significant texture 
changes were observed between compressing Mg – 0.35Ca – 0.5Zn (wt.%) under DSA and non-
DSA conditions after static recrystallization. These results indicate that DSA may play a more 
significant role in dynamically recrystallized microstructures, such as those resulting from 
extrusion or hot rolling, as compared to cold-worked and statically recrystallized alloys.  
Nonetheless, texture weakening of the Mg – Ca – Zn ternary alloys is strongly influenced by alloy 
composition, deformation processes, and annealing temperatures. 
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Additional research is needed on the processing of dilute Mg – Ca binary and Mg – Ca – Zn ternary 
alloys for improved formability at room temperature: (1) perform baseline texture measurements 
on homogenized alloys to evaluate the extent of texture weakening due to DSA, (2) characterize 
the mechanical properties in tension of dilute Mg-Ca-Zn alloys which demonstrated texture 
weakening, (3) study dynamic recrystallization effects on texture evolution of dilute Mg – Ca and 
Mg – Ca – Zn alloys and (4) perform texture analysis on Mg – 0.1Ca – 0.5Zn compressed at 200oC 
which did not exhibit DSA behavior at 200oC due to the small amount of Ca in the α – Mg matrix 
to decouple the role of Ca versus Zn in the texture weakening process.  
 
Processing of alloys in the DSA regime, prior to sheet rolling can provide an avenue to optimize 
processing conditions. Unlocking the unit mechanisms driving RE-texture development provides 
opportunities to identify non-RE systems that may also yield highly formable alloys.  Mg – Ca – 
Zn alloys are promising RE–free alloys for production of low–cost Mg sheets for the automotive 
industry.  
 
In addition to the study of DSA in dilute Mg-Ca and Mg-Ca-Zn alloys.  The University of Florida 
team supported subtask 2.1, 2.2, and 3.2 by: (1) studying the effects of RE additions on 
microstructure and fractography of as-cast and homogenized Mg – Zn – Zr alloy, (2) performing 
microstructural characterization of Mg-Al-Sn Experimental Alloy 1, and (3) casting and fabrication 
of Mg-Ca and Mg-Sn binary alloy sheets for the experimental validation of the solute strengthening 
model developed at the University of Illinois at Urbana Champaign (UIUC).  
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LIST OF ACRONYMS 
 
Al  Aluminum 
AT31  Mg – 3Al – 1Sn, wt.% 
BN  Boron Nitride 
°C  degrees Celsius 
Ca  Calcium 
Ce  Cerium 
CW  cold work 
DSA  Dynamic Strain Aging 
EBSD  Electron Backscatter Diffraction 
EDS  Energy Dispersive X-ray Spectroscopy 
GPa  Giga Pascals 
h  hours 
HV  Vickers Hardness 
ICP - OES inductively-coupled-plasma optical emission spectrometry 
lb.  pounds 
mm  millimeters 
ms  milliseconds 
ms  milliseconds 
min  minutes 
µm  micrometers 
L  length 
LPSO  long-range periodic stacking fault ordering 
Mg  Magnesium 
MPa  Mega Pascals 
m.r.d.  multiples of random distribution 
Nd  Neodymium 
PNNL  Pacific Northwest National Laboratory 
RE  Rare Earth 
s  seconds 
SEM  Scanning Electron Microscopy 
Sn  Tin 
SRS  Strain Rate Sensitivity 
SFE  Stacking Fault Energy 
T  thickness 
UF  University of Florida 
UM  University of Michigan 
USAMP U.S. Automotive Materials Partnership 
W  width 
wt.%  weight percent 
XRD  X-ray Diffraction 
ZK20  Mg – 2Zn – 0.5Zr, wt.% 
ZEK200 Mg – 2 Zn – 0.8RE – 0.5Z, wt.% 
Zn  Zinc 
Zr  Zirconium 
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DESCRIPTION OF ACCOMPLISHMENTS VERSUS PROJECT OBJECTIVES 
 

Table 1: Comparison of University of Florida accomplishments and variance to project goals and 
objectives 

Statement of Objectives Accomplishments & Metrics Variance 

2.2.1 

Design and experimental study of 
Mg-Ca binary and Mg-Ca-Zn ternary 
alloys 

• Completed cast, homogenization, 
and microstructural characterization 
of Mg-(0.1,0.35)Ca binary and Mg-
(0.1,0.35)Ca-0.5Zn wt.% ternary 
alloys using optical microscopy, 
scanning electron microscopy 
(SEM), and energy dispersive 
spectroscopy (EDS). 

• The preparation 
schedule of 
homogenized alloys for 
texture analysis via 
electron backscattered 
diffraction (EBSD) was 
affected by campus 
closure due to the 
COVID-19 pandemic. 

2.2.2 

Perform compression testing on    
Mg-Ca and Mg-Ca-Zn alloys as a 
function of temperature and strain 
rate and characterize the samples 
which exhibit dynamic strain aging.  

• Performed a systematic 
investigation of the DSA and 
negative strain rate sensitivity of 
dilute Mg-Ca and  Mg-Ca-Zn 
alloys.  

• Characterized combinatorial effects 
of temperature and strain-rate on 
altering dynamic strain aging 
processing window.  

• Described texture development in 
statically recrystallized Mg-Ca and 
Mg-Ca-Zn alloys processed in 
either the DSA or non-DSA regime.  

• No variance. 

2.2.3 
Prepare castings such as Mg, Mg-Ca 
binary, and Mg-Ca-Zn ternary alloys 
for the University of Michigan (UM). 

• All requested Mg-Ca and Mg-Ca-
Zn based alloys were shipped to 
UM. 

• No variance. 

 
Also, the University of Florida team supported subtasks 2.1, 2.2, 3.2 with the following objectives:  

Statement of Objectives Accomplishments & Metrics Variance 

2.2.4 

Perform mechanical and 
microstructural characterization of 
Experimental Alloy 1 

• Completed compression testing and 
microstructural characterization 
using optical microscopy and 
SEM/EDS of as-cast and 
homogenized Experimental Alloy 1.   

• Given the low 
mechanical strength 
and strong basal 
texture, this alloy was 
not investigated further 
for this research 
program. 

2.2.5 

Cast, fabrication, and microstructural 
characterization of Mg-Ca and Mg-Sn 
alloys for Density Functional Theory 
(DFT) solid solution strengthening 
model developed at the University of 
Illinois at Urbana Champaign (UIUC) 

• Eight sheets total, four as-rolled 
with 15 and 20%CW and four fully 
recrystallized of Mg-Ca and Mg-Sn, 
were shipped to PNNL for further 
investigation. 

• No variance. 

2.2.6 

Study the effects of RE additions on 
microstructure, mechanical 
properties, and fractography of as-
cast and homogenized Mg-Zn-Zr 
alloy 

• Completed cast, homogenization, 
tensile testing, and fracture analysis 
using SEM of ZK20 and ZEK200 
alloys.  

• No variance. 
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2.2.7 

Upload experimental data on ZK and 
ZEK alloys, Experimental Alloy 1, 
Experimental Alloy 3, and Mg-Ca and 
Mg-Sn binary alloys to DataHub 

The following data was imported to 
DataHub for: 

• ZK20 and ZEK200 alloys: grain 
size, room temperature tensile 
stress-strain curves, and mechanical 
properties (elastic modulus, 
compressive strength, and 
elongation-to-failure). 

• Experimental Alloy 1: grain size,  
x-ray diffraction (XRD), EDS,  
hardness,  room temperature 
compression stress-strain curves, 
and mechanical properties. 

• Experimental Alloy 3: high-
temperature compression stress-
strain curves and mechanical 
properties as a function of 
temperature and strain rate.  

• Mg-Ca and Mg-Sn binary alloys: 
grain size, XRD, and Vickers’ 
hardness changes as a function of 
cold work and annealing time.  

• The preparation 
schedule of 
homogenized alloys for 
texture analysis via 
EBSD was affected by 
campus closure due to 
the COVID-19 
pandemic. 

 

KEY ACCOMPLISHMENTS AND RESULTS 
 
Experimental Methods and Procedures 
 
All of the alloys in this research program were cast from elemental sources using a resistance 
furnace built inside a MBraun MB10 glovebox with a high-purity argon-controlled atmosphere (O2 
level <5ppm). Mg alloys were cast using 99.98 wt.% purity Mg, 99.99 wt.% purity Zn,  99.0 wt.% 
purity Ca,  99.9 wt.% Sn,  99.0 wt.% RE mischmetal and 99.5 wt.% purity Zr from Alfa Aesar.  
Melting was performed at 750°C in a BN coated graphite crucible covered with a BN coated 
graphite lid and then the molten metal was poured into a BN coated graphite mold. Castings were 
approximately 200 grams (g) with dimensions 82 mm L x 20 mm W x 84 mm H and 60 g with 
dimensions 45 mm L x 16 mm W x 48 mm H.  All Mg alloys were sectioned and encapsulated in 
a Pyrex tube (inner diameter 25 mm) sealed under vacuum for subsequent homogenization or 
annealing treatment using a Thermo Scientific Thermolyne 47900 furnace followed by water 
quenching.  Larger casting, such as the as-cast ingots and worked sheets of Mg-Ca and Mg-Sn were 
homogenized using a resistance furnace located inside an MBraun MB10 glovebox with a high-
purity argon-controlled atmosphere (O2 level <5ppm) followed by water quenching. Bulk 
composition of Mg alloys was verified using inductively-coupled-plasma optical emission 
spectrometry (ICP-OES) performed by MSE Supplies, LLC.   
 
To characterize phase equilibria in cast alloys, SEM, EDS, and optical microscopy were performed, 
as well as XRD and hardness testing.  Cast samples were ground using SiC abrasive grinding paper 
(320, 600, 800, 1200 ANSI grit) followed by two-step polishing with 3 and 1 µm oil-based diamond 
suspensions and 0.05 µm Masterpolish solution from Buehler.  Optical micrographs were obtained 
from alloys using a KEYENCE VHX – 7000 digital microscope.  The average grain size of alloys 
was obtained by employing the linear intercept method in the Image J software program. SEM was 
performed on Tescan MIRA3 SEM equipped with an EDS system using an accelerating voltage 
between 10 and 30 kV and a working distance of 15 mm. For particle size determination, five 
particles each were measured. Samples for XRD were prepared from powders obtained from alloys 
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using an abrasive file. The powders were ultrasonically cleaned with isopropyl alcohol, filtered, 
and mounted on a 78 mm L x 26.5 mm W x 1 mm T coverslip with powder covering a surface area 
of 17 mm L x 26.5 mm W.  A Panalytical X’Pert x-ray diffractometer was used to obtain XRD 
patterns with a Cu 𝐾) radiation at 45 kV and 40 mA with a step size of 0.008º, and scan time of 25 
s. Texture analysis was performed by Pacific Northwest National Laboratory (PNNL), using EBSD 
scans with an accelerating voltage of 20 kV, a working distance of 26 mm, camera exposure time 
of 3 ms, and a step size of 5 μm. Eight bands were detected for crystallographic texture analysis 
and a total area of about 20 mm2  was analyzed for all compositions. To assist in phase identification 
and prediction of microstructural evolution, all thermodynamic calculations were performed using 
the ThermoCalc software system [11], utilizing the TCMG4 magnesium alloy database (version 4) 
[12]. 
 
Mechanical testing was performed on an Instron 5582 universal testing system at various 
temperatures and strain rates. For testing at elevated temperatures, an Instron 3119-605 
environmental test chamber was used.  Samples were maintained at the desired temperature for 10 
minutes before testing and then rapidly water quenched after testing. The strain was measured using 
a non-contact laser extensometer. All testing methods followed ASTM E9-09 and E8-09 for 
compression and tension testing, respectively [13, 14]. For tensile testing, samples were cast and 
machined into dog bone-shaped specimens measuring 30 mm in gage L, 6 mm in gage W, 2 mm 
T, and 50 mm in overall L.  All tensile tests were performed at room temperature and a strain rate 
of 10-3 s-1.  For compression testing, cylindrical samples were machined, measuring 16 mm in 
diameter and 24 mm in height.  Hardness testing was performed on a Wilson Tukon 1102 using a 
load of 100 g and a dwell time of 10 s.   Cold worked sheets were produced using a rolling mill to 
apply a 15, 20, and 25% thickness reduction to sheets with an initial thickness of 2 mm by cold 
rolling with 0.25 mm reduction per pass to a final thickness of 1.5 mm. 
 
Results 
Alloy Selection 
Thermodynamic calculations were performed using the ThermoCalc software system [11] and 
associated TCMG4 database [12] to identify solid solution compositional limits.  Fig. 1a illustrates 
the maximum solubility of Ca in Mg as a function of temperature.  Fig. 1b illustrates the effect of 
Zn additions on a Mg-0.35Ca, wt.% alloy. Table 1 shows the nominal and measured compositions 
of the alloys used in this research program.  After casting, ingots were homogenized at 475°C for 
50 h. 

 
Figure 1: (a) Maximum amount of Ca in solid solution as a function of temperature in Mg, and (b) phase 
diagram of Mg-0.35 wt.% Ca as a function of Zn composition.  
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Table 2: Nominal and measured compositions using ICP-OES of selected alloys for DSA study. 
 Nominal Compositions Measured Compositions 

Nominal Composition (wt.%) Ca (wt.%) Zn (wt.%) Mg Ca (wt.%) Zn (wt.%) Mg 
Mg – 0.1Ca 0.10 - Bal. 0.07 ± 0.00 - Bal. 
Mg – 0.35Ca 0.35 - Bal. 0.34 ± 0.00 - Bal. 
Mg – 0.1Ca – 0.5Zn 0.10 0.50 Bal. 0.08 ± 0.01 0.43 ± 0.03 Bal. 
Mg - 0.35Ca - 0.5Zn 0.35 0.50 Bal. 0.34 ± 0.00 0.45 ± 0.01 Bal. 

 
Microstructural Characterization 
Fig.2 shows the XRD pattern from homogenized Mg – Ca and Mg – Ca – Zn alloys. Characteristic 
peaks of only α-Mg were obtained from (101$0), (0002), (101$1), and (101$2) planes. No peaks 
corresponding to Mg2Ca secondary phase were detected in any of the homogenized alloys. 
However, SEM and EDS performed on homogenized Mg – Ca binary and Mg – Ca – Zn alloys 
showed evidence of Mg2Ca phase within grain boundaries with no secondary particles observed in 
the Mg a-matrix for all compositions (as shown in Fig. 3).  Table 2 summarizes the average Mg2Ca 
particle size of homogenized alloys.  Five particles were measured for size determination. 
 

 
Figure 2: XRD data obtained from homogenized (475°C /50 h) Mg –Ca and Mg–Ca-Zn alloys 

 
Figure 3: Secondary electron images of homogenized Mg – 0.1Ca, Mg – 0.35Ca, Mg – 0.1Ca – 0.5Zn and 
Mg – 0.35Ca – 0.5Zn alloys (a, c, e, and g respectively) showing the distribution of the second phase, and (b, 
d, f, and h) EDS spectrum of the second phase indicating that it is Mg2Ca. 
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Table 3: Average Mg2Ca particle size on homogenized compositions. 
 
 
 
 
 
To identify a location with homogenous grain distribution for mechanical testing, samples were 
sectioned along the ingot (200 g cast) thickness (~ 20 mm T) to determine the grain morphology 
transition as a function of the distance from the mold wall as shown in Fig.4. The transition zone 
from columnar to equiaxed grains was approximately 2 mm from the surface, thus compression 
samples were obtained from a distance of 2 mm from homogenized ingots 20 mm thick. The 
average grain sizes obtained along the front, side and top views of homogenized alloys (Table 3) 
show no significant differences along the three directions in any composition except Mg-0.1Ca. 
 

 
Figure 4: Grain morphology of homogenized Mg – Ca binary and Mg – Ca – Zn ternary alloys. 

 
Table 4: Average grain size of the front, side, and top views of Mg – Ca and Mg – Ca – Zn alloy 

 Average Grain Size (µm) 
Alloy Composition (wt.%) Front Side Top 
Mg – 0.1Ca 1898 ± 565 3822 ± 770 1955 ± 566 
Mg – 0.35Ca 1845 ± 506 1821 ± 523 1911 ± 682 
Mg – 0.1Ca – 0.5Zn 1176 ± 241 1126 ± 107 1260 ± 303 
Mg – 0.35Ca – 0.5Zn 953 ± 362 989 ± 245 965 ± 280 

  

Composition (wt.%) Average Mg2Ca Particle size (µm) 
Mg – 0.1Ca 0.33 ± 0.06 
Mg – 0.35Ca 2.39 ± 0.7 
Mg – 0.1Ca – 0.5Zn 1.45 ± 0.2l 
Mg - 0.35Ca - 0.5Zn 1.64 ± 0.50 
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Temperature and Strain-Dependent Mechanical Behavior 
Figs. 5 – 7 show the stress versus strain curves of Mg – Ca binary and Mg – Ca – Zn ternary alloys 
compressed at 200, 250, and 300°C, respectively, at strain rates of 10-3, 10-2, and 10-1 s-1. Serrations, 
a macroscopic manifestation of DSA, were observed at 200 and 250°C at 10-3 s-1 in alloys of higher 
Ca composition i.e., Mg – 0.35Ca and Mg – 0.35Ca – 0.5Zn. However, no serrations were observed 
on samples compressed at 300°C and 10-1 s-1.  
 
 

 

 
 

Figure 5: Compression stress-strain curves of Mg-Ca and Mg-Ca-Zn alloys at 200°C at strain rates of 10-3, 
10-2 , and 10-1 s-1. “X” represents the sample’s fracture point 
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Figure 6: Compression stress-strain curves of Mg – Ca and Mg – Ca – Zn alloys at 250°C at strain rates of 
10-3, 10-2, and 10-1 s-1. “X” represents the sample’s fracture point. 

 
Figure 7: Compression stress-strain curves of Mg – Ca and Mg – Ca – Zn alloys at 300°C at strain rates of 
10-3, 10-2, and 10-1 s-1. “X” represents the sample’s fracture point.  
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Strain Sensitivity 
DSA is commonly observed under conditions at which the SRS is negative [6].  SRS was calculated 
for all compositions using Equation 1 [15], using the 0.2% offset flow stress. Mg – 0.1Ca and Mg – 
0.1Ca – 0.5Zn were characterized by positive values of SRS, thus indicating the lack of DSA 
occurring at those test conditions as shown in Fig.8. This can be related to the low amount of Ca in 
the Mg matrix of 0.1 wt.%. On the other hand, compositions of higher amounts of Ca, i.e., 0.35Ca 
wt.% were characterized by negative SRS at 200 and 250°C from 10-3 to 10-2 s-1. These results 
correlate to findings that demonstrate that increasing the solute content, broadens the range of 
conditions at which DSA occurs [6]. All compositions were characterized by positive values of SRS 
at 300°C as shown in Fig.8, thus no DSA occurring. Higher strain rates result in shifting the DSA 
window to higher temperatures.  Table 4 summarizes DSA regime of dilute Mg – Ca binary and 
Mg – Ca – Zn ternary alloys.   
 

m = /01(2)
/ 01(3̇)

= 01(25/27)
01(3̇5/3̇7)

  Equation 1 
 
 

 
 
 
Figure 8: Strain rate sensitivity changes as a function of temperature showing the DSA regime from (left)10-

3 to 10-2 s-1 and (right) 10-2 to 10-1 s-1 for Mg – Ca binary and Mg – Ca – Zn ternary alloys.  
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Table 5: Dynamic strain aging regime for Mg – Ca binary and Mg – Ca – Zn ternary alloys compressed at 
200, 250, and 300oC at strain rates of 10-3, 10-2, and 10-1 s-1. “X” represents no – DSA observed. 

Temperature 
(°C) 

Strain 
Rates 
(s-1) 

Composition (wt.%) 

Mg – 0.1Ca Mg – 0.35Ca Mg – 0.1Ca – 0.5Zn Mg – 0.35Ca – 0.5Zn 

200 
10-3 X DSA X DSA 
10-2 X DSA X X 
10-1 X X X X 

250 
10-3 X DSA X DSA 
10-2 X DSA X X 
10-1 X X X X 

300 
10-3 X X X X 
10-2 X X X X 
10-1 X X X X 

 
Static Recrystallization 
To determine the effect of processing in the DSA regime on sample texture, Mg-0.35Ca and Mg-
0.35Ca-0.5Zn samples were compressed up to 15% strain under DSA and non-DSA conditions, 
heat-treated at 450oC for various times, and water-quenched. Representative optical micrographs 
in Fig 9, show a mixture of recrystallized grains and regions of abnormal grain growth after 30 
minutes of heat treatment. The average grain size of as - deformed and annealed samples is 
summarized in Table 5.  

 
Figure 9: Representative optical micrographs of (a) Mg – 0.35Ca and (b) Mg – 0.35Ca – 0.5Zn cylinders 
compressed under DSA at 200oC and (c) non-DSA at 300oC conditions annealed at 450oC for 30 minutes, 
normal to compression direction. 
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Table 6: Average grain size of as - deformed and annealed samples of Mg – 0.35Ca and Mg – 0.35Ca – 0.5Zn 
compressed under DSA and non-DSA conditions. 

 
Texture Analysis 
Texture analysis was performed on two DSA and one non-DSA sample at PNNL.  A Mg-0.35Ca 
and a Mg-0.35Ca-0.5Zn alloy compressed under DSA at 200oC – 10-3 s-1 and Mg-0.35Ca-0.5Zn 
under non-DSA at 300oC–10-3 s-1 (all compressed up to 15% strain).  Before texture analysis, all 
samples were recrystallized at 450oC for 30 minutes.  These samples were sent to Dr. Aashish 
Rohatgi at PNNL for texture analysis using EBSD. The regions identified for texture analysis are 
shown in Fig 10.  The average grain size of these fine-grained regions was 100 ± 80, 127 ± 80, and 
138 ± 103 μm for Mg – 0.35Ca and Mg – 0.35Ca – 0.5Zn compressed under DSA and Mg – 0.35Ca 
– 0.5Zn compressed under non-DSA conditions, respectively. Texture analysis of Mg – 0.35Ca 
compressed under DSA at 200oC – 10-3 s-1 annealed at 450oC for 30 minutes showed a slightly 
decreased basal texture with the basal pole tilted 15 degrees towards the transverse direction (TD) 
with a maximum intensity of 12.40 multiples of random distribution (m.r.d.) as shown in Fig.13a.  
This particular recrystallized texture differs from statically recrystallized textures of previously 
cold [16]  and hot [17]  rolled Mg – Ca binary alloys sheets which are characterized by strong basal 
components with c – axis parallel to the normal direction (ND). On the other hand, a significantly 
weaker texture characterized by a two-peaked TD-split texture (characteristic RE-texture) about 45 
degrees away from ND was observed in        Mg – 0.35Ca – 0.5Zn processed under similar 
conditions with a maximum intensity of 6.27 m.r.d as shown in Fig.11b.  Similarly, the texture of 
Mg-0.35Ca-0.5Zn compressed under non-DSA at 300oC (Fig.11c) was characterized by TD-split 
texture with basal poles about 30 degrees away from ND with a maximum intensity of 5.68 m.r.d.  
In a previous study by Zeng et al. [16], the weaker recrystallization texture of a Mg-0.16Ca-0.8Zn 
ternary alloy was attributed to modified recrystallization kinetics by the interactions between Ca 
and Zn solutes (i.e. slower recrystallization kinetics than Mg – Zn binary alloys and faster than Mg 
– Ca binary alloy) and to the co-segregation of Ca and Zn solutes to grain boundaries which reduce 
their mobility, due to an increase in charge density in the grain boundary region which increases 
grain boundary cohesive energy [18] and enhancement of solute dragging effect, thus leading to a 
more uniform growth of recrystallized grains of random orientations in grain boundaries [16]. 
Nonetheless, texture weakening of the Mg – Ca – Zn ternary alloys is strongly influenced by alloy 
composition, deformation processes, and annealing temperatures. 

The total scanned area for EBSD was ~ 10 and 20 mm2 for Mg-0.35Ca-0.5Zn compressed 
under DSA and non-DSA conditions, respectively. A higher area fraction (~ 30%) of weak (non-
basal) textured grains with an average grain size of 159 ± 61 µm was observed in the Mg-0.35Ca-
0.5Zn after compression under DSA conditions and static recrystallization as shown in Fig.11b, 
while the sample compressed under non-DSA conditions was characterized by an area fraction of 
~18% of weak textured grains with an average grain size of 143 ± 73 microns after static 
recrystallization (Fig.11c). Thus, it is evident that deformation of Mg-0.35Ca-0.5Zn under DSA 
conditions increased the average area fraction of weaker textured grains by about ~ 12% after static 
recrystallization compared to the sample compressed under non-DSA conditions. According to 

Composition 
(wt.%) Conditions Temperature 

(oC) 
Strain 

Rate (s-1) 
Strain 
(%) 

Average Grain Size (µm) 
As – 

Deformed 
Annealed at 450 oC for: 

15 min 30 min 45 min 

Mg – 0.35Ca DSA 
200 10-3 15 1343 ± 360 351 ± 123 249 ± 201 - 

10-2 15 1289 ± 454 289 ± 131 303 ± 159 - 

250 
10-3 25 1267 ± 403 - 249 ± 108 291 ± 104 
10-2 25 1499 ± 549 - 206 ± 102 335 ± 107 

No DSA 300 10-2 25 1586 ± 365 - 247 ± 108 336 ± 100 

Mg – 0.35Ca 
– 0.5Zn 

DSA 
200 10-3 15 762 ± 162 312 ± 122 243 ± 169 - 
250 10-3 15 856 ± 305 346 ± 190 389 ± 242 - 

No DSA 300 10-3 15 993 ± 367 317 ± 165 405 ± 192 - 
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previous studies, deformation under DSA conditions promotes shear band nucleation attributed to 
being responsible for texture weakening in Mg –RE based alloys [6].  
 

 
Figure 10: Optical micrographs of (a) Mg-0.35Ca and (b) Mg-0.35Ca-0.5Zn compressed under DSA at 
200oC-10-3 s-1 and (c) Mg - 0.35Ca - 0.5Zn compressed under non-DSA at 300C-10-3 s-1 annealed at 450oC 
for 30 minutes showing selected regions for texture analysis using EBSD performed by PNNL. 
 

 
Figure 11: EBSD orientation maps and corresponding pole and inverse pole figures sets of (a) Mg – 0.35Ca 
and (b and c) Mg – 0.35Ca – 0.5Zn compressed under DSA at 200oC -10-3s-1 and under non-DSA at 300oC, 
statically recrystallized at 450oC for 30 minutes. EBSD scans were performed by PNNL. 
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CONCLUSION AND RECOMMENDATIONS 
 
(i) Mg-0.1Ca and Mg-0.1Ca-0.5Zn wt.% were characterized by positive values of SRS, thus 
no DSA occurring at 200 and 250°C from 10-3 to 10-1 s-1.  This can be related to the low amount of 
Ca in the Mg matrix of 0.1 wt.%. On the other hand, compositions of higher amounts of Ca, i.e., 
0.35Ca wt.% were characterized by negative SRS at 200 and 250°C from 10-3 to 10-2 s-1. These 
results correlate to findings that demonstrate that increasing the solute content, broadens the range 
of conditions at which DSA occurs [6]. Also increasing strain-rate shifted the DSA window to higher 
temperatures during compression.  
 
(ii) The as-deformed microstructure of Mg-0.35Ca and Mg-0.35Ca-0.5Zn was characterized 
by deformation twins and serrated grain boundaries after compression under DSA and non-DSA 
conditions.  The addition of 0.5 wt.% Zn to Mg-0.35Ca reduced the average grain size which 
increases the critical stress for twinning and subsequently reduces the volume fraction of twins after 
deformation [19].  Also, the substitution of Mg atoms (with an atomic size of 0.160 nm) by Ca (0.197 
nm) and Zn (0.133 nm) atoms produces compression (due to Ca) and extension (due to Zn) strains 
in solid solution which may interact strongly with compression and extension sites of the twin 
boundary, thus reducing the formation and growth of individual {101$2} tensile twins whose c-axis 
are near parallel to ND and the development of a strong basal texture after deformation [20]. 
 
(iii) The sole addition of Ca to the 𝛼-Mg matrix does not result in significant texture changes 
after deformation under DSA at 200oC. Texture analysis of Mg – 0.35Ca compressed under DSA 
at 200oC – 10-3 s-1 annealed at 450oC for 30 minutes showed a slightly decreased basal texture with 
the basal pole tilted 15 degrees towards TD with a maximum intensity of 12.40 m.r.d. This 
particular recrystallized texture differs from statically recrystallized textures of previously cold [8]  
and hot [9]  rolled Mg – Ca binary alloys sheets which are characterized by strong basal components 
with c – axis parallel to ND.  In a previous study by Zeng et al., the strong recrystallization texture 
of the Mg – Ca (and Mg – Zn) binary alloy was attributed to preferential growth of recrystallized 
grains with the (0001) plane parallel to ND and < 112$0 > parallel to the rolling direction i.e., c-
axis nearly parallel to parent grains [20].  Nonetheless, the absence of RE-type texture in Mg-0.35Ca 
may be attributed to the absence of dynamic recrystallization which is considered necessary for the 
formation of the RE-texture component in extrusions of Mg-0.5Ca (wt.%) binary alloy [8]. 
 
(iv) Additions of 0.5 wt.% Zn to Mg-0.35Ca decreased the recrystallization texture 
significantly after compression under DSA and non-DSA conditions and static recrystallization. 
Recrystallization texture of Mg-0.35Ca-0.5Zn compressed under DSA at 200oC was characterized 
by a weak TD-split texture about 45 degrees away from ND (characteristic RE-texture component), 
while compression under non-DSA at 300oC resulted in a TD-split texture about 30 degrees away 
ND.  However, no significant texture changes were observed between samples of Mg-0.35Ca-
0.5Zn compressed under DSA and non-DSA conditions.  Weak recrystallization texture of dilute 
Mg–Ca–Zn ternary alloys can be attributed to modified recrystallization kinetics by the interactions 
between Ca and Zn solutes (i.e., slower recrystallization kinetics than Mg – Zn binary alloys and 
faster than Mg – Ca binary alloy [16]) and to the co-segregation of Ca and Zn solutes to twins and 
grain boundaries.  Ca and Zn solute segregation to grain boundaries reduce their mobility due to an 
increase in boundary cohesive energy [18], thus enhancing the solute dragging effect leading to a 
more uniform growth of recrystallized grains of random orientations in grain boundaries [16]. 
 
(v) A higher area fraction (~ 12% more) of recrystallized grains with weak (RE-type) texture 
was observed after static recrystallization of Mg-0.35Ca-0.5Zn previously deformed under DSA, 
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in contrast with the sample deformed under non-DSA conditions.  These results partially support 
our hypothesis that processing dilute Mg-Ca-Zn alloys inside the DSA regime will lead to RE-
texture components that enhance formability.  Further texture analysis will be performed on Mg – 
0.1Ca – 0.5Zn compressed at 200oC which did not exhibit DSA behavior due to the small amount 
of Ca in the α – Mg matrix.  Additionally, UF will characterize the mechanical properties in tension 
of dilute Mg-Ca-Zn alloys at room temperature to describe formability. 
 
(vi) It is evident from these results and literature, that combinations of both Ca and Zn in 
solution reduce Mg basal texture intensity after deformation and static recrystallization.  
Deformation texture of dilute Mg-Ca-Zn alloys is controlled by Ca and Zn solutes interactions that 
produce compression (due Ca) and extension (due Zn) strains in solid solution which may interact 
strongly with compression and extension sites of deformation twin boundaries, inhibiting their 
growth, thus resulting in the nucleation of parent grains of “soft/weak” crystallographic orientation 
as observed in dilute Mg-RE alloys [1, 20].  Nonetheless, further deformation of dilute Mg-Zn-Ca 
alloys will result in a strong basal texture similar to Mg-Zn and Mg-Ca binary alloys [16, 20].   
Furthermore, weak recrystallization texture of dilute Mg-Ca-Zn alloys is strongly influenced by 
recrystallization kinetics i.e., slower and faster recrystallization kinetics than Mg-Zn and Mg-Ca 
binary alloys respectively, and to the co-segregation of Ca and Zn solutes to twins and grain 
boundaries which promotes uniform growth of recrystallized grains with random orientations in 
grain boundaries [16]. 
  



 20 

STATE OF THE ART 
 

Production of Mg alloy sheets represents a major opportunity to increase Mg applications 
as structural components in the automotive industry. However, Mg alloy sheets' secondary 
manufacturing processes are hindered due to Mg limited formability at room temperature 
associated with a strong basal texture generated from prior thermomechanical processing [1]. The 
predominance of the basal slip and {101$2}  extension twinning mechanisms lead to a basal-
dominated texture characterized by the basal plane poles oriented parallel to the direction of applied 
force [1]. Polycrystalline Mg alloys with a strong basal texture, are characterized by having poor 
formability at room temperature [21]. Nonetheless, an improvement in formability can be achieved 
by modifying Mg texture by utilizing alloying additions and thermomechanical processing [3,4]. 
Previous studies have shown that additions of rare earth (RE) elements such as cerium (Ce) and 
gadolinium (Gd) decrease Mg basal texture intensity by nucleation of randomly oriented grains 
(“RE textured” grains) after thermomechanical processing [6, 22]. Several mechanisms have been 
attributed to be responsible for texture weakening in Mg-RE based alloys such as particle 
stimulated nucleation, shear band nucleation, and retardation of recrystallization [6, 22].  It has been 
reported previously, extrusions of Mg-RE alloys under DSA conditions enhance the formation of 
shear bands which serve as nucleation sites of RE-type textured grains which improve formability 
[6]. Nevertheless, the high cost of RE elements limits the large production of Mg alloy sheets for 
automotive applications.  

A feasible and potential low-cost substitution of RE elements is calcium (Ca) of similar 
atomic radius to Ce. In a recent study, the RE-texture component was observed on Mg-Ca alloys 
after extruding under DSA conditions [7]. However, in this study, the Mg-Ca compositions were 
located inside the two-phase region and is possible that secondary particles and other 
recrystallization mechanisms may have contributed to the final texture. Interestingly, dilute 
additions of Zn and Ca to Mg result in alloys of significantly weaker texture after cold and hot 
rolling, and subsequent static recrystallization [16, 17].  Still, it is not well understood if Ca in solution 
play a similar role as RE elements and the exact role of both Ca and Zn in their ability to modify 
the texture of dilute Mg-Ca-Zn alloys.  Furthermore, there is currently a lack of systematic studies 
regarding inter-elemental interactions and their impact on texture, microstructural features, and 
mechanical properties of Mg alloys. These studies are necessary to identify, design, and develop 
suitable thermomechanical procedures accordingly with alloy composition for the production of 
low-cost Mg alloy sheets with a good combination of strength and formability at room temperature.  

To increase the viability of Mg alloys for automotive applications, it is critical to not only 
understand the microstructural features which result in the weakening of the basal texture but also 
to elucidate how these features form. Through the study of experimental alloy 3, the University of 
Florida (UF) identified the role of Ca and combinations of both Ca and Zn in solution after 
thermomechanical processing under DSA and non-DSA conditions and static recrystallization on 
texture evolution of dilute Mg-Ca and Mg-Ca-Zn alloys.  A systematic study on these alloys was 
fundamental to identify if Ca or a combination of Ca and Zn have a similar role as RE elements in 
texture modification after thermomechanical processing.  Hence, UF studied the role of Ca and Zn  
composition on microstructure, high-temperature deformation behavior, strain rate sensitivity, 
static recrystallization, and texture evolution of dilute Mg-Ca binary and Mg-Ca-Zn ternary alloys.  
UF identified regions of negative strain rate sensitivity, i.e., DSA regime, on Mg-Ca and Mg-Ca-
Zn alloys of higher amounts than 0.1 wt.% Ca.  Additionally, UF found that sole additions of Ca to 
Mg do not result in texture modification after thermomechanical processing under DSA and static 
recrystallization.  On the other hand, it was observed that combinations of both Ca and Zn in 
solution resulted in alloys of weak non-basal texture after thermomechanical processing under DSA 
and non-DSA conditions and subsequent static recrystallization. Specifically, UF identified that 
processing dilute Mg-Ca-Zn alloys under DSA increases the fraction of weak non-basal textured 
grains after static recrystallization which may improve alloy formability at room temperature.  
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Differently from E-form plus (AZ31+0.5 wt.% Ca), dilute Mg-Ca-Zn (experimental alloy 3) does 
not contain a large fraction of secondary particles which may hinder alloy ductility at room 
temperature. Therefore, Mg-Ca-Zn alloys represent promising RE–free alloys for production of 
low–cost Mg sheets for the automotive industry.   



 22 

TECHNOLOGICAL GAP 
 
To fully understand the underlying mechanisms behind texture evolution after deformation and 
subsequent static recrystallization of dilute Mg-Ca-Zn alloys, future research is need on Ca and Zn 
solute combinatorial effects on Mg stacking fault energy (SFE), thermodynamics, dislocation 
dynamics and twinning, solute drag, grain boundary energy and mobility and, grain size. Similarly, 
the effect of secondary phases such as Mg2Ca should be studied further on the aforementioned 
topics. Knowledge in these particular areas will improve the selection and design of 
thermomechanical procedures accordingly with alloy chemical composition, as means to produce 
low-cost Mg alloys sheets with weak texture, good mechanical properties, and enhanced 
formability at room temperature.  

A fundamental study on the combinatorial Ca and Zn solute effects on Mg SFE is necessary 
to establish a more comprehensive understanding of substructure development and deformation 
dynamics in dilute Mg-Ca-Zn alloys. These investigations can be performed through TEM analysis. 
Since a decrease in basal SFE can reduce the probability of cross-slip for basal dislocations, 
interestingly a higher activity of cross-slip on a pyramidal plane has been observed with decreasing 
Mg intrinsic basal I1 SFE [23]. According to Sandlöbes et al. [24], I1 stacking faults in pyramidal 
planes enable the growth of dislocation structures on pyramidal planes and may serve as 
heterogeneous nucleation sources for pyramidal <c+a> dislocations as explained by Yoo et al. [25].   
It is predicted through thermodynamic stability calculations with DFT that combinations of Ca and 
Zn may form stable LPSO phases that may influence texture weakening of these alloys [26]. 
However, there is a limited number of studies on Ca-containing LPSO Mg alloys. LPSO structures 
have been observed in Mg-Zn-RE alloys and are claimed as one of the main mechanisms 
responsible for texture weakening in Mg alloys [3, 26]. Nonetheless, further research in this area is 
necessary to improve alloy composition selection and design as means to improve alloy design 
strategies to manufacture Mg alloys suitable for rolling and subsequent secondary forming 
processes at room temperature. 

In terms of alloy composition, a small increase in Zn composition in lean Mg-Ca-Zn alloys 
can induce precipitation along grain and twin boundaries, pinning prior boundaries and 
subsequently reducing the recrystallization of grains with strong basal textures along grain 
boundaries, as observed in a Mg-0.8Zn-0.2Ca wt.% alloy [26]. Additionally, measurements on solute 
segregation and intergranular strength must be performed to measure the homogeneity of 
deformation of dilute Mg-Ca-Zn alloys at room temperature. For example, Mg-Ca binary alloys 
were characterized by intragranular fracture caused by grain embrittlement owing to high 
segregation of Ca solutes to grain boundaries [17]. On the contrary, dilute additions of Zn to Mg – 
Ca binary alloy enhanced grain boundary cohesive energy thus improving the Mg-Ca-Zn ternary 
ductility at room temperature [17]. Nonetheless, further research is necessary on Ca and Zn solute 
segregation to grain boundaries as a function of deformation temperature and strain rate. 
Additionally, further characterization of Ca and Zn solute effects on grain size, slip, and twinning 
in Mg is necessary to understand how these microstructural features modify strain rate sensitivity 
and the DSA processing window of dilute Mg-Ca-Zn as a function of composition, temperature, 
and strain rates. 

Finally, molecular modeling, DFT, and dislocation dynamic studies must be performed 
about Ca and Zn solute interactions in solid solution Mg alloys to describe and determine how 
compressive strains (due to Ca) and tensile strains (due to Zn) interact with slip and twinning 
mechanisms in Mg. Identification of twinning to slip dominated regimes in dilute Mg-Ca-Zn alloys 
is essential for the selection of the optimum thermomechanical processing parameters, i.e., 
temperature and strain rate, for the production of alloys with the best combination of texture and 
formability at room temperature since both basal slip and {1012} extension twinning lead to strong 
basal textures after deformation that may remain even after annealing.   
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APPENDIX 
 
Appendix A: Mechanical and Microstructural Characterization of Experimental Alloy 1 
 
USAMP Experimental Alloy 1 (Mg–3Al–1Sn–0.3Zn–0.4Mn, wt. %) was designed based on the 
AT31 system.  (Aluminum-Tin). The composition as provided by USAMP is summarized in Table 
6. The UF team received one Experimental Alloy 1 ingot (shown in Fig.14) on February 22, 2018, 
for characterization. The alloy was homogenized at 420°C for 14 h prior to microstructural 
characterization using optical microscopy, XRD, SEM, and EDS.  
 

Table 7: Experimental alloy 1 composition provided by Korean Magnesium Industry to USAMP. 

Nominal Composition (wt.%) Al Sn  Zn  Mn Mg 
Mg – 3 Al – 1Sn – 0.3Zn – 0.4Mn  2.98 1.01 0.30 0.40 Bal. 

 

 

 
Figure 9: Experimental Alloy 1 ingot (a) top, (b) side views and schematic of illustrating how it was sectioned 
for preliminary analysis. 

Results 
Optical micrographs were obtained from the as-cast and homogenized Experimental Alloy 1 ingot, 
from each of the three distinct regions shown in Fig. 14. Fig. 15 shows optical micrographs of the 
as-cast (Fig. 15a) and homogenized alloy (Fig. 15b) obtained from the top region.  The average 
grain size was measured to be 918 ± 376 and 1254 ±  425 µm of as-cast and homogenized 
experimental alloy 1, respectively. In the as-cast alloy (shown in Figure 16a), a high density of 
secondary phases was observed. 
 

   
 

Figure 10: Optical micrographs from a) as-cast and b) homogenized experimental alloy 1 taken from the 
region labeled as “Top” in Figure 14. 

Investigations using SEM revealed the presence of a uniform distribution of AlMn-based (Al8Mn5) 
intermetallic particles in the Mg matrix in both the as-cast and the homogenized alloy. Fig. 16 
shows the secondary electron images of characteristic microstructure of both Fig. 16(a) as-cast and 

1000 µm 1000 µm 

(a) (b) 
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Fig. 16(b) homogenized Experimental Alloy 1 showing uniform distribution of particles in the 𝛼 – 
Mg matrix. These particles have an average length of 6.2 ± 2.0 and 7.4 ± 2.6 µm in as-cast (Fig.16c) 
and homogenized alloy, respectively. A higher volume fraction of these particles was observed in 
the homogenized ingot. EDS analysis of these particles (Fig. 16d) indicates that they are rich in Al 
and Mn suggesting that these are AlMn-based intermetallics consistent with computational 
thermodynamics simulations from ThermoCalc [11] TCMG4 database [12].   
 

 
Figure 11: Secondary electron images of (a) as-cast and (b) homogenized Experimental Alloy 1 and (c) 
location of Al, Mn-rich particles from which the EDS spectra (d) was obtained. 

To characterize the mechanical properties of the alloys, hardness and compression testing were 
performed on the homogenized alloy.  The hardness was measured to be 52 HV.  Compression 
testing of two homogenized Experimental Alloy 1 samples was performed at room temperature 
(RT) at 10-3 s-1on cylindrical samples (10 mm in diameter and 12 mm in height). Representative 
true stress versus strain curve is shown in Fig.17. Table 7 summarizes obtained mechanical 
properties obtained from the compression tests. 
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Figure 12: Compression stress-strain graph of the homogenized Experimental Alloy 1 compressed at room 
temperature under a strain rate of 10-3 s-1. 
 

Table 8: Mechanical properties of experimental alloy 1 during compression testing. 
Experimental 

Alloy 1 
Sample # 

Temperature 
(°C) 

Strain 
Rate (s-1) 

Compressive 
Yield Stress 

(MPa) 

Elastic 
Modulus 

(GPa) 

Ultimate 
Compressive 
Stress (MPa) 

Fracture 
Strain, 𝜀; 

(%) 
Homogenized-1 RT 10-3 65 42 238 22 
Homogenized-2 RT 10-3 75 42 247 22 

 
Key Accomplishments 
Microstructural characterization using SEM and optical microscopy on as-cast and homogenized 
(420oC/12 h) Experimental Alloy 1 samples revealed the presence of a uniform distribution of 
AlMn-based intermetallic particles in the Mg matrix.  Given the low mechanical strength and strong 
basal texture (based on the EBSD analysis of UM), this alloy was not investigated further for this 
research program. 
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Appendix B: Fabrication and Microstructural Characterization of Mg-Ca and Mg-Sn Alloys for 
DFT Solid Solution Strengthening Model 
 
To investigate the solid solution strengthening contributions of Ca and Sn, the UIUC team 
developed physics-based DFT models to simulate unit mechanisms at the dislocation level, which 
will then be used to support crystal plasticity models being developed by PNNL.  The UF team 
worked to provide samples for experimental inputs and data for validation for the computational 
simulations. 
 
The UF team cast Mg-0.35Ca and Mg-7Sn (wt.%)  ingots.  These ingots were homogenized at 
475oC for 50 hours and then machined into eight plates (60 mm L x 2 mm T x 60 mm W) in 
preparation for rolling.  Compositions were selected based on the maximum solute solubility for 
Ca and Sn in Mg, (0.44 wt.% Ca and 7.85 wt.% Sn at 450°C).  Both UIUC and PNNL collaborators 
were consulted for their input on composition selection.  The plates were then rolled to various 
amounts of CW, from 0 to 25%, and recrystallized at various annealing temperatures and times, 
from 350 to 500°C and for 0 to 24 h.   
 
Results 
Figure 18 illustrates the change in hardness as a function of annealing time and temperatures for 
both the Mg-0.35Ca and Mg-7Sn (wt.%)  samples.  Both systems show an increase in hardness 
with increasing CW and a decrease in hardness with increasing annealing time. 
 

  
Figure 13: Change in Vickers hardness of Mg – 0.35Ca and Mg -7Sn sheets as function of applied (left) CW 
(%) and (right) annealing time at 350oC. 

Complete recrystallization was observed on CW sheets (15 and 20%CW) of Mg – 0.35Ca and Mg 
– 7Sn after annealing at 400oC for 120 h and 500oC for 24h, respectively as shown in Fig.19. The 
recrystallized average grain size was 168 ± 54 and 199 ± 83µm for Mg –0.35Ca and Mg – 7Sn, 
respectively. SEM and EDS performed on annealed samples showed evidence of a small amount 
of Mg2Ca and Mg2Sn phase around grain boundaries, respectively. However, no Mg2Ca and Mg2Sn 
particles were observed in grains after annealing (500°C/24 h) as shown in Fig.20. 
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Figure 14: Optical micrographs showing the rolling (RD) and transverse (TD) directions of (left) Mg – 0.35Ca 
with 20%CW annealed at 400oC for 120 h and (right) Mg – 7Sn sheet with 15% CW annealed at 500oC for 
24 h. 

  
Figure 15: Backscattered electron image of (a) Mg – 0.35Ca and (b) Mg –7Sn (wt. %) sheets heat treated at 
500oC for 24 hours showing the distribution of the second phase and (c) EDS spectrum of the second phase 
indicating that it is Mg2Sn. 

 
Key Accomplishments 
Eight sheets total, four as-rolled with 15 and 20%CW and four fully recrystallized, were shipped 
to PNNL for further investigation. 
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Appendix C: Fabrication and Mg-Ca and Mg-Ca-Zn Alloys Dynamic Recrystallization Study 
 
To study the dynamic recrystallization behavior in the Mg-Ca-Zn alloy system, the UF team cast 
several ingots in the Mg, Mg-Ca, and Mg-Ca-Zn systems (Table 8).  To verify the composition, a 
few of the as-cast ingots were shipped to MSE Supplies, LLC for inductively-coupled-plasma 
optical emission spectrometry (ICP-OES). Non-destructive testing, nano-computed tomography, 
was performed at UF on the ingots to determine defect size and distribution in the castings. No 
major defects were observed in any of the castings. 
 
Table 9: Composition of ingots cast at UF for University of Michigan and compositions obtained by ICP-
OES from selected as-cast Mg – Ca binary and Mg – Ca – Zn ternary alloys. 

Target Alloy 
Compositions (wt.%) 

Mass (g) Qty. Average ICP – OES Composition 
Ca (wt.%) Zn (wt.%) Mg 

Mg 200 2 - - -. 
Mg – 0.1Ca 200 2 0.07 ± 0.00 - Bal. 
Mg – 0.5Ca 200 2 0.33 ± 0.02 - Bal. 
Mg – 1.0Ca 60 1 - - -. 
Mg – 0.1Ca – 0.5Zn 200 2 0.08 ± 0.01 0.43 ± 0.03 Bal. 
Mg – 0.1Ca – 1Zn 200 2 0.07 ± 0.00 0.84 ± 0.05 Bal. 
Mg – 0.1Ca – 3Zn 200 6 - - -. 
Mg – 0.5Ca – 1Zn 200 2 - - -. 
Mg – 0.5Ca – 3Zn 200 2 - - - 
Mg – 0.5Ca – 1.8Zn 200 6 - - -. 

 
Key Accomplishments 
All requested Mg – Ca and Mg – Ca – Zn based alloys were shipped to UM. 
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Appendix D: ZK and ZEK Alloys 
 
To explore the effects of RE additions on the mechanical properties of ZK20 (Mg – 2Zn – 0.5Zr, 
wt.%)  alloys, the UF team cast alloys of ZK20 and ZEK200 (Mg – 2Zn – 0.5Zr – 0.8RE, wt.%.). 
Cast samples were then homogenized at 400°C for 24h. The homogenized samples were then 
machined into dog bone tensile samples for testing.  All tensile tests were performed at room 
temperature and a strain rate of 10-3 s-1. 
 
Results 
The microstructures of the as-cast and homogenized ZK20 and ZEK200 alloys are shown in Fig. 
21. The as-cast microstructure of ZK20 and ZEK200 was characterized by a dendritic structure as 
shown in Fig. 21a and Fig. 21b. Additions of 0.8 wt.%RE to ZK20 decreased the average grain size 
of the homogenized alloys from 509 ± 106 to 422 ± 122 µm for ZK20 and ZEK200, respectively 
as shown in Fig. 21b and Fig. 21d. Fig. 22 shows stress versus strain data of as-cast and 
homogenized ZK20 and ZEK200 alloys at room temperature and a strain rate of 10-3 s-1. After 
fracture, the fracture surfaces were analyzed to determine modes of failure.  Both, as–cast and 
homogenized ZK20 and ZEK200 alloys had fracture surface topographies that are characterized by 
transgranular fracture with a mixture of micro-voids and micro-cleavage facets as shown in Fig. 
23. Additions of 0.8 wt.% RE to ZK20 reduced the volume fraction of micro-voids and the size of 
cleavage facets. A notable decrease in micro-voids with fewer and longer cleavage facets was 
observed after homogenization in both alloys. 
 

ZK20 ZEK200 
As – Cast Homogenized As – Cast Homogenized 

 

 
 

 

 

 

 

 

 
 

Figure 16: Optical micrographs of as-cast and homogenized (a, b) ZK20 and (c, d) ZEK200 alloys. 

 

 
Figure 17: Tension stress-strain graph of an as-cast and homogenized ZK20 and ZEK200 alloys at room 
temperature under a strain rate of 10-3 s-1. 
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Figure 18: Secondary electron images of the fracture surface of as-cast and homogenized (a, b) ZK20 and 
(c, d) ZEK200 alloys. 
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Appendix E: University of Florida’s Contribution to DataHub 
 
The following datasets have been uploaded to DataHub: 
 
1. ZK and ZEK Alloys 

a. Grain size of as-cast and homogenized alloys – 1 Dataset 
b. Tensile testing at room temperature of as-cast and homogenized alloys – 1 Dataset  

2. Experimental Alloy 1  
a. Grain size of as-cast and homogenized Experimental Alloy 1 – 1 Dataset  
b. Energy dispersive x-ray spectroscopy of Experimental Alloy 1 secondary phase – 1 

Dataset  
c. X-ray diffraction of as-cast and homogenized Experimental Alloy 1 – 1 Dataset 
d. Hardness of as-cast and homogenized Experimental Alloy 1 – 1 Dataset 
e. Compression of Experimental Alloy 1 at room temperature – 1 Dataset  

3. Experimental Alloy 3: Mg-Ca and Mg-Ca-Zn Alloys 
a. Compression of Mg – 0.1Ca wt.% at 200, 250 and 300oC – 3 Datasets 
b. Compression of  Mg – 0.1Ca – 0.5Zn wt.% at 200, 250 and 300oC – 3 Datasets 
c. Compression of  Mg – 0.35Ca wt.% at 200, 250, and 300oC – 3 Datasets 
d. Compression of  Mg – 0.35Ca – 0.5Zn at 200, 250 and 300oC – 3 Datasets  

4. Mg-Ca and Mg-Sn Solid Solution Strengthening Alloys 
a. Energy dispersive x-ray spectroscopy of Mg2Ca and Mg2Sn secondary phase – 1 

Dataset  
b. Grain size of recrystallized Mg – 0.35Ca and Mg – 7Sn binary alloys sheets – 1 

Dataset  
c. Hardness of as – rolled and annealed Mg – 0.35Ca and Mg – 7Sn as a function of 

cold work percent and annealing time – 1 Dataset  

 


