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Executive Summary  

 

a. Main Objective of the project:  

 

The proposed activities for PNNL at the mesoscale consist of two tasks: Task 1) 

Microstructure-based ductility and formability predictions (USAMP Subtask 2.13) and 

Task 2) Small-scale in-situ experiments for model input and validations (USAMP subtask 

2.14). These two tasks aim at establishing the fundamental relationships between alloy 

compositions and microstructural attributes (which are in turn determined by processing) 

to the deformation fundamentals of the different slip and twin systems for the currently 

available alloys and for the new Mg alloy compositions to be identified in the program, 

therefore providing the quantitative multiscale linkages for sheet formability simulations.   

 

b. Key results/outcomes: 

 

The deformation mechanisms of the binary Mg alloys Mg-0.2Ca and Mg-1.5Sn were 

studied by in-situ neutron diffraction and synchrotron XRD and SEM/EDS/EBSD. 

The synchrotron XRD results showed (I) the as-rolled Mg-0.2Ca and Mg-1.5Sn (Sample 

Set II 15% reduction) display very little ductility; (II) stress-strain behaviors showed these 

samples deformed elastically until fracture. (III) The change in intensity and peak width is 

likely affected by the defect induced by cold rolling. The deformation behaviors of 

recrystallized Mg-0.2Ca and Mg-1.5Sn (Sample Set I) were studied by neutron diffraction 

instead of Synchrotron XRD, which can be used for model parameters.  The 

microstructure and texture of these two samples before and after the tensile deformation 

was investigated by EBSD. The results show that nearly equiaxed grains were formed 

after recrystallization with an average grain size of 48 m for Mg-0.2Ca and 67 m for 

Mg-1.5Sn. The {101̅2}〈1̅011〉extension twins were observed after deformation in both 

alloys. More twins were observed in Mg-0.2Ca than Mg-1.5Sn. For Mg-0.2Ca, the pole 

figure changed very little after deformation; while basal texture for Mg-1.5Sn decreased 

after tensile deformation. The tensile deformation was governed by basal slip and 

extension twining for Mg-0.2Ca; while it was dominated by basal slip and limited 

extension twinning for Mg1.5Sn. 

 

The tensile deformation mechanisms at room temperature and texture evolution of the Mg 

alloy AZXM2110 (EFORM plus Mg alloy Batch#2) were investigated by in-situ neutron 

and synchrotron XRD experiments combined with multimodal characterization methods 

using electron microscopy. The micromechanical behaviors studied by neutron diffraction 

results showed a micro yielding that was activated by the basal slip at the early-stage 

deformation. Tensile deformation beyond micro-yielding was dominated by basal slips 

and further activated pyramidal slips to achieve balanced strength and work hardening. 

The trend of change in dislocation density was estimated by the peak broadening of 

neutron diffraction, which showed a rapid increase followed by a steady change. The 

synchrotron XRD illustrate that tensile loading along RD developed the texture of  

〈101̅0〉//TD and leading to the initial basal texture slightly spreading towards TD. The 

simulation by Taylor model explained the contribution of basal slips, prismatic slips, and 

pyramidal slips to tensile deformation induced texture evolution.  This study provided new 

insights on the contribution and importance of pyramidal <c+a> slip to texture 



4 
 

development and plastic deformation. This study provided understanding of the 

micromechanical behavior and texture evolution of an Mg-Al-Zn-Ca-Mn alloy.  

 

 

c. Significance/impact: 

 

The current subtasks aim to use integrated in-situ synchrotron XRD (high energy XRD) 

experiments and Crystal Plasticity Modeling (HEXRD-CP) to help the alloys and process 

development of low-cost Mg alloys. In-situ HEXRD tensile tests of different alloys were 

performed. From HEXRD results, initial and deformed texture, and lattice distortion was 

analyzed to obtain model parameters through inverse analysis of in-situ HEXRD tensile 

tests. Crystal plasticity finite element models (CPFEMs) for HCP Mg alloys incorporating 

dislocation slides and twinning deformation mechanisms will be used to model and predict 

texture evolution and deformation of specified alloys under tensile loading, CRSS 

parameters/values extracted from in-situ HEXRD and data predicted from lower length 

scale modeling will be used for new alloy combinations. 

 

The current work established the fundamental relationships between alloy compositions 

and microstructural attributes (which are in turn determined by processing) to the 

deformation fundamentals of the different slip and twin systems for the currently available 

alloys and for the new Mg alloy compositions to be identified in the program.  

 

 

  



5 
 

Description of Key Accomplishments/Results Relative to Objectives  

a. Technical Methods/Approaches 

 

(1)  Materials 

 

Two binary Mg alloys, Mg-0.2Ca (at. %) and Mg-1.5Sn (at. %) were received from the 

University of Florida. At the University of Florida, the wrought samples were rolled to a 

thickness reduction of 20% at room temperature, then recrystallized by annealing at 400 

°C for 120 hours. Since the XRD result showed second phase Mg2Sn precipitates, the Mg-

1.5Sn sample was homogenized at a higher temperature. These samples are denoted as 

Sample Set # I. In March 2020, the University of Florida send a new batch of binary Mg 

alloys (Sample Set # II). All binary Mg samples of Sample Set #I and Sample Set #II and 

processing parameters are listed in Table 1.  Figure 1shows the images of the Sample Set # 

I samples and illustrates the location where the tensile specimens were cut from. The 

longitudinal direction of tensile specimens is along the rolling direction (RD). EFORM 

plus Mg (Batch#2) alloys with nominal composition Mg-2Al-1Zn-1Ca-0.3Mn (w.t%) was 

received as a 2mm thick rolled sheet.  The tensile samples for in-situ neutron diffraction 

tests were cut from the rolled sheet with the longitudinal direction parallel to the rolling 

direction (RD).  

 

Table 1 The binary Mg samples of Sample Set #I and Sample Set #II 

Sample 

Set # 
Composition (at. %) Cold rolled Recrystallized 

I Mg-0.2Ca  20% reduction 400°C 120 hours 

I Mg-1.5Sn  20% reduction 500°C 24 hours 

II Mg-0.2Ca  15% reduction 400°C 120 hours 

II Mg-1.5Sn  15% reduction 500°C 24 hours 

 

 
Figure 1  Sample Set # I tensile samples for in-situ neutron diffraction. Mg-1.5Sn sample 

was recrystallized at 500°C for 24 hours 

 

(2) In-situ neutron diffraction 

 

As a powerful method to study the micromechanical behaviors, in-situ neutron diffraction 

has been widely used to investigate the mesoscopic characteristics such as lattice strain 
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evolution of individual hkl diffraction, peak intensity changes by grain reorientation and 

peak broadening resulting from local strain during plastic deformation. Two samples cut 

from recrystallized  binary Mg alloys (Sample Set # I) and EFORM plus Mg alloys 

(Batch#2) were used for in-situ neutron diffraction tensile test at the VULCAN 

Diffractometer [1] of Spallation Neutron Source (SNS) at Oak Ridge National Laboratory. 

The tensile tests were carried out at room temperature with a strain rate of 10-6 s-1. The 

tensile sample was mounted at the load frame with the loading direction (LD) along 45° to 

the neutron incident angle so that the two neutron collection banks (Bank1 and Bank 2) 

received the diffracted signals from the longitudinal and the transverse directions (TD) of 

the sample, respectively. Figure 2a and b illustrate the geometry of the tensile sample and 

experiments set-up at VULCAN, respectively. The neutron diffraction data were fitted by 

a single-peak-fitting method using the VRDIVE program, which was used to determine 

interplanar lattice spacing (d), integrated diffraction peak intensity (I), and full width at 

half maximum (FWHM). The lattice strain εhkl was calculated by εhkl=dhkl /dhkl
0-1, where 

dhkl is the interplanar lattice spacing of hkl plane at different load steps whereas dhkl
0 is the 

interplanar spacing at the beginning of deformation. Representative neutron diffraction 

spectrums from Bank 1 and Bank 2 for recrystallized Sample Set # I Mg-0.2Ca sample are 

shown in Figure 2d and e, where some Mg peaks are indexed. Due to the sample geometry 

with a short gauge length (Figure 2c), the neutron beam interacted with the steel grip. As a 

result, some additional peaks are collected, which, however, do not interfere with the 

analysis of Mg peaks.   

 

 

 
Figure 2 a) Geometry of tensile samples; b) experiments set-up at VULCAN; c) tensile 

sample and the steel grip; c) tensile sample and the steel grip; d) and e) diffraction patterns 

from Bank 1 and Bank 2 for recrystallized Mg-0.2Ca sample (Sample Set # I) 

 

(3) In-situ synchrotron X-ray diffraction 
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Synchrotron X-ray diffraction (XRD)is a powerful and efficient technique to investigate 

the deformation behaviors of bulk materials under in-situ loading, due to its good 

penetration ability and flexible set-up with loading and heating equipment. In addition, the 

time required for each XRD scan during lab-based XRD experiments meant interrupting 

the tensile testing for XRD analysis during which the recovery process interferes with the 

true deformation during tensile testing. Besides, the instrument broadening in lab-based 

XRD systems is not sensitive to peak width changes occurring during small strains. These 

challenges of lab-based XRD systems motivated us to apply for using the exceptionally 

high-intensity X-rays at the Advanced Photon Source (APS) at Argonne National 

Laboratory with a high penetrating power, which is suitable to capture real-time 

crystallographic changes occurring in the 1.2 mm thick Mg alloy plates during tensile 

deformation without needing to interrupt the tests for data collection. The APS X-rays of 

unprecedented brilliance and significantly reduced instrument broadening will allow us to 

probe even minor fluctuations in XRD peak width during in situ tensile deformation. 

Hence, all Sample Set # II samples were investigated by Synchrotron XRD at the 

beamline 11-ID-C at APS. Figure 3a shows the experimental set-up in the hutch of 11-ID-

C. The zoomed image presents the sample and load frame in Figure 3b. Figure 3c 

schematically presents the experiment set-up. The tensile loading direction (LD) is 

perpendicular to the incident x-ray beam. A monochromatic X-ray beam with an energy of 

105.7 keV (wavelength of 0.1173 Å) was used to collect the diffraction patterns of the 

specimen during deformation. The beam size was about 0.2 mm in diameter, and the 

detector was positioned at a distance of about 1.8 mm from the sample. The tensile tests 

were conducted on an in-house built screw-driven load frame. The applied stress was 

increased step by step. At every load step, diffraction patterns were collected by a two-

dimensional (2D) detector (a Perkin–Elmer a-Si flat-panel large-area detector) while the 

loading was retained. Figure 3d shows the diffraction rings collected by the 2d detector. 

The spotty pattern indicates the grain size is relatively large compare to the beam size (0.2 

mm). The integrated XRD spectrum is shown in Figure 3e. To analyze the deformation 

behaviors, the 2D patterns are integrated along LD and TD, respectively. By fitting the 

diffraction peak, the lattice strain is calculated using the lattice spacing. The lattice strain 

evolution of the recrystallized Sample Set # II Mg-0.2Ca sample is presented in Figure 3f, 

indicating the development of elastic intragranular strain by slips or twinning during the 

deformation. 
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Figure 3 a) The experiment set-up in the APS hutch of 11-ID-C; b) zoomed images 

showing tensile sample on the load frame; c) schematic illustration of experiment set-up; 

d) 2D diffraction pattern; e) integrated XRD spectrum 

 

(4) Scanning and transmission electron microscopy 

 

The microstructure and composition of the binary Mg alloys and EFORM plus Mg alloys 

were characterized by Scanning Electron Microscopy (SEM), and Energy Dispersive X-

ray Spectroscopy (EDS). SEM and EDS were performed using JEOL JSM-7001F-field 

emission gun (FEG) scanning electron microscope with a Bruker xFlash 6|60 EDS 

spectrometer. SEM backscatter electron (BSE) imaging and EDS map analysis was 

performed at an accelerating voltage of 15kV and a probe current setting at 10 (5nA).  

EBSD analysis was performed using an accelerating voltage of 30kV and a probe current 

setting at 13 (20nA) and a 70º specimen tilt angle. EBSD mapping was performed using a 

Bruker eFlash HD detector coupled with the Bruker Esprit 2.0 software.  

 

Transmission Electron Microscopy (TEM) was done on FEI Titan 80–300 operated at 

300 kV and JEOL ARM200F microscope operated at 200 kV to analyze the precipitates in 

the EFORM alloy and their interaction with dislocations upon tensile deformation to 

understand the deformation mechanisms. 

 

(5) Crystal plasticity finite element modeling 

 

The state and evolution of grain orientations, stress and strain states, CRSS values, and 

other microstructural details were modeled using the crystal plasticity finite element 

method (CPFEM).  For the current work, grain geometries representative of the binary Mg 

alloys, Mg-0.2Ca (at. %) and Mg-1.5Sn (at. %), received from University of Florida were 

generated using the software package Neper [2,3].  Corresponding finite element meshes 

were also generated using Neper. 
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Crystal plasticity finite element simulations of the Mg alloy samples under tension were 

conducted using the software package FEpX which computes the elastoplastic 

deformations of polycrystalline solids.  Details of the constitutive equation formulations 

and implementation can be found [4].  For the current study, the governing equations for 

the kinematics and state evolution equations are most relevant and summarized below.   

 

The kinetics of slip is introduced to capture the rate dependence of plastic flow using a 

power law relating resolved shear stress and slip system shearing rate: 

 

 

(1) 

 where �̇�𝛼 is the slip system shear rate for a given system, 𝜏𝛼  is the resolved shear stress 

on slip system , and the slip system strength is 𝑔𝛼.  Within FEpX, slip systems strengths 

are constant for each family of slip systems per grain.  In the case of FCC and BCC 

crystals, all of the slip systems strengths are therefore the same within each grain.  For 

HCP crystals, the basal, prismatic, and pyramidal strengths can be defined with different 

values. 

 

The evolution of the slip system strengths, or critical resolved shear stress (CRSS) that 

must be overcome, is governed by an empirical, modified Voce form: 

 

 

(2) 

The saturation strength, 𝑔𝑠(�̇�), is defined as follows: 

 

 

(3) 

Where the local plastic strain rate is computed from the sum of the magnitudes of the slip 

system shearing rates: 

 

 

(4) 

For anisotropic hardening, Eqn.(2) is scaled by the slip interaction matrix, ℎ𝛼𝛽 : 

 

 

(5) 

 

b. Key Findings/Results/Illustrations 

 

(1) The microstructure of the binary Mg alloys (Sample Set # I) 

 

Two binary Mg alloys, Mg-0.2Ca (at. %) and Mg-1.5Sn (at. %) were received from the 

University of Florida. The wrought samples were rolled to a thickness reduction of 20% at 
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room temperature, then recrystallized by annealing at 400 °C for 120 hours. The 

microstructure of the Two binary Mg alloys, Mg-0.2Ca and Mg-1.5Sn was examined by 

EBSD. Matlab toolbox Mtex was used to calculate pole figures and inverse pole figures 

(IPFs) from EBSD data [5]. 

 

The image quality (IQ) maps and IPF maps and the {10-10}, {0001} and {11-21} pole 

figures in Figure 4 show the microstructures of as-rolled Mg-0.2Ca (Figure 4(a-c)), and 

recrystallized Mg-0.2Ca (Figure 4(d-f)). The IQ image presents severe local strain in a. 

The fraction of the nonindexed phase in black (b) is estimated to be 79.8%, resulting from 

large plastic deformation after cold rolling. X-direction in pole figures is along RD and the 

pole axis is along the normal direction (ND) of the rolling sheet. For the as-rolled Mg-

0.2Ca alloy, the {0001} pole figures evidently show that a basal texture developed after 

cold rolling. However, the basal fiber is 10°-15° away from ND. The six-fold symmetry 

was observed on {10-10} pole figures and {11-21} pole figures as shown in Figure 4c. 

After annealing Mg-0.2Ca at 400°C for 120 hours, the deformed grains recrystallized as 

shown in Figure 4d and e, where one abnormally large grain was observed in the EBSD 

area. Except for that very large grain, the other nearly equiaxed grains indicate the 

recrystallization with an average grain size of about 49 m. The severe localized strain 

was mostly relieved by recrystallization. After recrystallization, a change of 

crystallographic texture was observed, where the {0002} basal texture was found to be 

conserved but the peak intensity weakened. Besides, the feature of six-fold rotation 

symmetry vanished as shown in Figure 4f.   

 

Figure 5(a-c) and (d-f) shows the image quality (IQ) maps, IPF maps and {10-10}, {0001} 

and {11-21} pole figures of as-rolled Mg-1.5Sn and recrystallized Mg-1.5Sn, respectively. 

With the same thickness reduction compared to Mg-0.2Ca alloy, the local strain is much 

lower in as-rolled Mg-1.5Sn. After recrystallization, the Mg-0.2Sn shows a nearly 

equiaxed grain structure with an average grain size of 65 m. From pole figures given in 

Figure 5(c) and (f) Mg-1.5Sn also show a strong {0002} basal texture after rolling which 

weakened after recrystallization, in addition to the disappearance of 6-fold symmetry of 

{10-10} and {11-21} poles.   

  

 
Figure 4. EBSD results from as rolled Mg-0.2Ca (a-c) and recrystallized Mg-0.2Ca (d-f). 

(a, d) The image quality map of (b, e) IPF map. The inserted color scale is projected along 

RD. The nonindexed phase in the IPF map is black. (c, f) The pole figures. Three plots in 

each figure are set equal to the color scale. X-direction is along to RD and the pole axis is 
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along the normal direction (ND) of the rolling sheet. The pole figures were calculated by 

choosing the EBSD area in Fig. (b), (e). It should be noted that the largest grain in (e) was 

not considered. 

 

 
Figure 5. EBSD results from as-rolled Mg-1.5Sn (a-c) and recrystallized Mg-1.5Sn (d-f). 

(a, d) In the image quality map of (b, e) IPF map, the inserted color scale is projected 

along RD. The nonindexed phase in the IPF map is black. (c, f) The pole figures. Three 

plots in each figure are set equal to the color scale. X direction is along to RD and the pole 

axis is along the normal direction (ND) of the rolling sheet. The pole figures were 

calculated by choosing the EBSD area in Fig. (b), (e). It should be noted that the largest 

grain in (e) was not considered. 

  

(2) Microstructure of the recrystallized binary Mg alloys (Sample Set # I) Mg-1.5Sn and Mg-

0.2Ca before and after tensile deformation 

 

The in-situ time-of-flight neutron diffraction under room-temperature tensile tests were 

conducted on Sample Set # I recrystallized binary Mg alloys, Mg1.5Sn and Mg0.2Ca in 

January 2020 at the VULCAN Diffractometer of Spallation Neutron Source (SNS) at Oak 

Ridge National Laboratory. To better understand the deformation mechanisms, the 

microstructure before and after tensile deformation was examined using EBSD. 

 

The IPF image of Mg-0.2Ca in Figure 6a shows nearly equiaxed grains with an average 

grain size of 48 um after recrystallization. However, some grains are larger than 200 m in 

diameter. After tensile deformation, deformation twins were observed in Figure 6c. The 

high angle, low angle grain boundaries, and twin boundaries are highlighted. Localized 

strain gradient was observed in some grains indicated by the uneven color of the IPF 

image. Figure 6b presents the pole figures after recrystallization, which shows the basal 

texture tilted off the center of the (0001) pole figure. Since the plastic strain was small, the 

change of pole figures is negligible as shown in Figure 6d. A detailed view of deformation 

twins is shown in Figure 6e. The crystallographic orientations of matrix and deformation 

twin are highlighted in the IPF in Figure 6f. The misorientation of matrix and deformation 

twin is shown as about 85.4° in Figure 6g. The matrix and {10-12}<-1011> twin have a 

theoretical orientation relationship of 86.3°of <11-20> axis [6], which agrees with the 

EBSD analysis of deformation twin in Mg-0.2Ca alloys.  
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For recrystallized Mg-1.5Sn alloy, the IPF image of Figure 7a shows nearly equiaxed 

grains with an average grain size of 67 um. Some grains larger than 200 m in diameter 

were also observed. The deformation twins were occasionally observed in some grains in 

Figure 7c after tensile deformation.  Few low angle grain boundaries and twin boundaries 

are highlighted in blue and black, representatively. Figure 7b presents the pole figures 

after recrystallization, which shows the basal texture tilted off the center of the (0001) pole 

figure. After deformation, the intensity of basal texture decreased as shown in Figure 7d. 

A detailed view of deformation twins is shown in Figure 7e. Two variants of deformation 

twins in the same grain Figure 7f are highlighted with the crystallographic orientation and 

locations in the IPF as T1, T2, and P. The misorientation of matrix and deformation twins 

is shown as about 87.3° in Figure 7g, which indicated the {10-12}<-1011> extension twin 

mediated deformation mechanism for the Mg-1.5Sn alloy. 

 

 
Figure 6 EBSD results of Mg-0.2Ca: a) IPF image and b) pole figures before tensile 

deformation; c) IPF image and pole figures after tensile deformation; e) enlarged IPF 

image showing deformation twins; f) crystallographic orientations of matrix and 

deformation twin; g) orientation line profile along the blue line in e). 
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Figure 7 EBSD results of Mg-1.5Ca: a) IPF image and b) pole figures before tensile 

deformation; c) IPF image and pole figures after tensile deformation; e) enlarged IPF 

image showing deformation twins; f) crystallographic orientations of matrix and 

deformation twin; g) orientation line profile along the blue line in e). 

 

(3)  In-situ neutron diffraction of binary recrystallized Mg-0.2Ca and Mg-1.5Sn alloys 

(Sample Set # I) during room temperature tensile tests 

 

Binary Mg alloys, Mg-0.2Ca (at. %) and Mg-1.5Sn (at. %) were recrystallized by 

annealing at 400 °C for 120 hours and 500 °C for 24 hours. The tensile specimens were 

cut from the recrystallized plate with longitudinal direction along rolling direction. In-situ 

neutron diffraction of binary recrystallized Mg-0.2Ca and Mg-1.5Sn alloys during room 

temperature tensile tests were conducted at VULCAN beamline at SNS. 

 

The results from neutron diffraction during in situ tensile testing are shown in Figure 8a-d 

for the Mg-0.2Ca sample and Figure 8e-h for the Mg-1.5Sn sample. Detailed analysis of 

results provides insights into the deformation mechanism of Mg-0.2Ca and Mg-1.5Sn 

samples. It should be noted that due to the rolling texture the {0002} diffraction peak 

along loading direction is too weak to analyze. In Figure 8a, the stress-strain curve 

indicated that the recrystallized Mg-0.2Ca sample yielded at about 70 MPa. The sample 

fractured at about 10% engineering strain. However, in Figure 8b, the lattice strain 

evolution indicates that grains in {10-11} direction (red) yielded first by the activation of 

basal slip at the stress of 40 MPa. The red dot line illustrated the derivation of lattice strain 

from linearity, and the increased slope indicates the grains in that direction release stress, 

that is micro yield. While the grains of {10-10} and {11-20} families accommodate more 
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stresses to continue plastic deformation. For the recrystallized Mg-1.5Sn sample, the 

stress-strain curve (Figure 8e) indicated it yielded at about 80 MPa. The sample fractured 

at about 7% engineering strain. In Figure 8f, the slope of {10-11} lattice strain increased at 

about 38 MPa, indicating the micro yielding. The plastic deformation was activated by 

basal slips in {10-11} grain. Similarly, the grains in {10-10} and {11-20} directions 

accommodate more stresses. Figure 8c and g show the evolution of normalized intensity as 

a function of stresses for the recrystallized Mg-0.2Ca sample and the recrystallized Mg-

1.5Sn sample. The change of peak intensity gives rise to the grain reorientation during the 

tensile deformation. The increased intensity of {10-10} and {10-11} diffraction after 

yielding implies that those grains reorientations lead to {10-10} and {10-11} planes 

gradually reoriented to LD which is the typical texture caused by dislocation slips in HCP 

materials in tensile deformation. The change of peak width can be used to investigate the 

deformation heterogeneities (such as dislocation, stacking fault) which contribute to peak 

broadening. For the current studied samples, the increase of FWHM is mainly induced by 

dislocations. However, the magnitude of FWHM increase is not significant which 

indicates that twinning might be an alternative deformation mechanism. Post-mortem 

microstructure analysis was shown in the last section, which indicated the twinning 

activated during the plastic deformation. In summary, the tensile deformation of the binary 

Mg alloy is dominated by the basal slip and extension twins. The increase in dislocation 

density was small and the twinning activity was limited due to low ductility.  

 

 
Figure 8 The results of in situ neutron diffraction tensile tests of Mg-0.2Ca: (a) stress-

strain curve and the evolution of (b) lattice strain (c) normalized peak intensity (d) 

FWHM; Mg-1.5Sn: (e) stress-strain curve (f) lattice strain (g) normalized peak intensity 

(h) FWHM. 

 

(4) In-situ synchrotron XRD tensile testing of the binary Mg alloys (Sample Set # II) 

 

The binary Mg alloys of Sample Set # II, the cold rolled (15% reduction) and 

recrystallized samples (400 °C for 120 hours for Mg-0.2Ca and 500 °C for 24 hours for 

Mg-1.5Sn) were used for the in-situ synchrotron XRD experiments conducted at the 

beam-line 11 ID-C. A monochromatic X-ray beam with an energy of 115 keV 

(wavelength of 0.10798 Å) was used to collect the diffraction patterns of the specimen 

during tensile deformation at room temperature. 
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Figure 9  Synchrotron XRD  results of as-rolled Mg-0.2Ca sample: (a) Engineering stress-

strain curve, the evolution of (b) lattice strain, (c) normalized intensity, and (d) FWHM 

during tensile deformation. 

 

The synchrotron XRD results of the as-rolled Mg-0.2Ca sample are shown in Figure 9. 

The samples fractured at the stress of 144 MPa and strain of 3%. From the engineering 

stress-strain curve in Figure 9a, the linear relationship shows the deformation is in the 

elastic regime. In Figure 9b, the lattice strain increased linearly until the applied load up to 

53 MPa. Then the {112̅0} lattice strain started to deviate from the linearity, which 

indicated the micro yielding. The change in the intensity is abnormal as it is supposed to 

be small during elastic deformation. However, as shown in Figure 9c, the intensity of 

{101̅2} increases and then decreases when the stress exceeded 50MPa after micro 

yielding. The change in FWHM is insignificant as presented in Figure 9d. 

The synchrotron XRD results of the as-rolled Mg-1.5Sn sample are illustrated in Figure 

10. Figure 10a shows the engineering yielding strength of 91 MPa. The sample breaks at 

100 MPa after the yield point. Micro yielding is also observed on the lattice strain 

evolution in Figure 10b at the stress of 30 MPa indicated by the slope change of {101̅1} in 

LD. Figure 10c presents that the normalized intensity of {101̅0} and {101̅1} increases 

with the increasing strain until yielding then it decreased. Figure 10d shows all FWHM 

slightly decreased except for  {101̅2}. 
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Figure 10 Synchrotron XRD  results of as-rolled Mg-1.5Sn sample: (a) Engineering stress-

strain curve, the evolution of (b) lattice strain, (c) normalized intensity, and (d) FWHM 

during tensile deformation. 

 
Figure 11 Synchrotron XRD  results of recrystallized Mg-0.2Ca sample: (a) Engineering 

stress-strain curve, and (b) the lattice strain evolution during tensile deformation. 

 

The synchrotron XRD results of recrystallized Mg-0.2Ca sample are shown in Figure 11. 

The elastic deformation does not start at zero strain in Figure 11a because the sample and 

the grip do not closely contact at the beginning. The sample yields at the stress of about 81 

MPa from the stress-strain curve and breaks at the strain of 7% (corrected by the delay of 

elasticity). The lattice strain in Figure 11b shows a large variation to observe the micro 

yielding. After yielding, the intragranular strain redistributes among different orientations. 

The separation of lattice strain indicates the {101̅1} grains and {101̅2} grains 

accommodate more stress as the slope increases. After the stress exceeds 100 MPa, the 

slope of {101̅1} lattice strain reduces since the stress is released in that grain family, 

indicating the other deformation mode is activated. The intensity and FWHM are not 

shown due to the large uncertainty of peak fitting. 

 

The synchrotron XRD results of recrystallized Mg-1.5Sn sample are shown in Figure 12. 

The crack initiates at the stress of 61 MPa, but the sample did not break immediately. 
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Then the secondary cracks generate, resulting in failing at the strain of 0.08. The lattice 

strain of {202̅1} is shown in Figure 12b. The other lattice strain is not accessible due to 

the large grain size compared with the beam size (200 mm). Figure 12c presents four 

diffraction patterns at the selected stresses of (I) 19 MPa, (II) 58 MPa, (III) 57 MPa, and 

(IV) 5 MPa. Since only a large grain was diffracting, the pattern appeared to be a single-

crystal diffraction type. The {202̅1} lattice strain is deduced from the diffraction spots 

indicated by the circle.  

 

 
Figure 12 Synchrotron XRD  results of recrystallized Mg-1.5Sn sample: (a) Engineering 

stress-strain curve, (b) the evolution of {202̅1} lattice strain tensile deformation. (c) 

Diffraction patterns at the selected stresses of (I) 19 MPa, (II) 58 MPa, (III) 57 MPa, and 

(IV) 5 MPa. 

 

 

(5) Tensile deformation behaviors of EFORM plus Mg alloy (Batch#2)  

 

5.1 Microstructure 

 

The EFORM plus Mg alloy is denoted as AZXM2110 Mg alloy based on the composition 

in the following text. The nominal composition of AZXM2110 Mg alloy, as well as the 

measured composition by EDS, are listed in Table 2. The SEM images show the 

microstructure of as-received Mg alloys in 
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Figure 13. Uniform dispersion of 1-2 m sized precipitates were observed in the 

microstructure from SEM image given in Figure 13a. The higher magnification SEM 

image in  

Figure 13b also shows the extensive precipitation in this alloy. The EDS mapping was 

conducted to analyze the composition of the precipitates as shown in Figure 14. The EDS 

mapping showed that the precipitates are predominantly rich in Ca and Al.  

Table 2 Composition of the AZXM2110 Mg alloy (w.t %) 

 Al Zn Ca Mn Mg 

Nominal composition 2 1 1 0.3 Bal. 

Measured composition 0.67 0.23 0.28 0.12 Bal. 

 

The EBSD inverse pole figure (IPF) map in Figure 15a shows nearly equiaxial grains with 

the c axes of most grains being aligned along the normal direction (ND). The color code of 

the IPF map is projected to the ND. The corresponding (0001) pole figure indicates the 

typical basal texture of a rolled Mg alloy sheet. But the basal pole is slightly tilted away 

from ND to TD. Figure 15b shows the grain size distribution mostly in a range from 5-35 

m with an average grain size of about 10 m. Figure 16a shows the post-deformation 

microstructure after the sample fractured. The large, localized strain was observed; 

however, in the analyzed regions, no deformation twins were observed. The pole figures in 

Figure 4b shows the final texture after tensile deformation. It should be noted LD is 

parallel to RD. The (0001) pole figure shows that the pole intensity of basal texture after 

tensile deformation is improved. Meanwhile, the basal texture spreads towards TD with 

nearly zero intensity at RD. Due to the symmetry of HCP structure, the six-fold symmetric 

feature of {101̅0} and {112̅0} planes are evident. Figure 16b indicates that the texture of  

〈101̅0〉//LD is developed after tensile deformation. Consistently, the maximum intensity 

of 〈112̅0〉//TD is observed. 
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Figure 13 Backscattered electron SEM images of the microstructure of as-received Mg 

alloy: a) low magnification showing the uniform dispersion of precipitates and b) high 

magnification showing additional nano-scale precipitates 

 

 
Figure 14 EDS analysis of the precipitates: a) secondary electron image of the analyzed 

region; EDS elemental maps of b) Mg c) Al and d) Ca 

 
Figure 15 EBSD results of the tensile sample before deformation: a) the IPF map with the 

color code projected to RD; b) grain size distribution showing average grain size about 10 

m; c) the pole figure indicating a typical basal texture of the as-rolled Mg alloy 

 

 

  

 

a) b) 

c) 
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Figure 16 a) EBSD IFP image showing the post-deformation microstructure after the 

rapture and b) the corresponding pole figures showing tensile deformation induced texture. 

 

5.2 Micromechanical behaviors investigated by in situ neutron diffraction  

 

Ture stress-strain curves and work hardening rate for room-temperature tension test at 

VULCAN is shown in Figure 17, which indicates that the studied sample exhibited 

balanced strength and ductility. The tensile sample broke only after strain approaching 

25%. The work hardening rate was observed to drop dramatically during the early plastic 

deformation and then further decrease slowly and steadily. 

 

 
Figure 17 Ture stress-strain curve and work hardening rate of the AZXM2110 Mg for the 

room-temperature uniaxial tensile test at VULCAN. The data was collected during 

homogeneous deformation before the sample fractured. 

 

The in-situ TOF neutron diffraction results are shown in Figure 18a-d. Figure 18a shows 

the lattice strain evolution versus true stresses for the four diffracting planes of Mg in the 

LD and two diffracting planes in the TD. It should be noted that no peaks of precipitates 

are observed from neutron diffraction. Since the tensile stress is applied to LD, the sample 

is subjected to compressive stress on TD, resulting in negative lattice strain due to the 
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Poisson effect. Initially, the sample undergoes elastic deformation, and the lattice strains 

increase linearly at nearly the same slope for all the grain orientations. The deviation from 

the linearity between true stress and lattice strain indicates the onset of yielding in ‘soft’ 

grains along with a stress redistribution among different grain orientations. The grains in 

the ‘soft’ orientations accommodate smaller stresses, accompanied by an increase in the 

slope of lattice strain vs. stress curves. The selective lattice strain of the soft orientations 

from {101̅1} and {112̅2} diffraction at the small strain in Figure 18b indicates the micro-

yielding occurred at about strain of 0.1% and stress of 50 MPa. However, the volume 

fraction of these yielded grains is small in this strongly textured sample, which results in a 

small effect on the overall deformation behavior. The soft grains yield first because the 

basal slip is easily activated in such orientations due to low critical resolved shear stress 

(CRSS). The normalized intensity changes during plastic deformation from the same 

diffracting planes in Figure 18c shows a greater increase in {101̅0} diffraction along LD, 

with a slight increase of intensity for {0002} diffraction along TD and decrease in other 

diffraction peak intensities.  The change of peak intensity signifies the grain reorientation 

during the tensile deformation, which could be due to slip and/or formation of deformation 

twins. In theory, the increased intensity of {0002} diffraction along TD could be attributed 

by the {101̅2}〈101̅1〉 tensile twinning when the stress is in favored orientation. However, 

the intense basal texture in these alloy sheets does not allow extension twinning in most 

grains when the stress is applied along RD. Again, the small increased intensity of {0002} 

diffraction evidently indicates that deformation twinning is very limited. The change of 

peak width can be used to investigate the deformation modes (such as dislocation slip, 

stacking fault, twinning) which contribute to peak broadening by the localized strain. The 

evolution of peak width (d/d) as a function of plastic strain is displayed in Figure 18d. 

The d is the d spacing and ∆d is the FWHM obtained from the single peak fitting of the 

neutron diffraction data. As shown, the peak width from all the diffractions shows a 

similar trend despite some large scattered data, which increase rapidly until 5% strain and 

then increase at a very low rate. The solid blue line indicates the trend of peak width 

evolution. Since the deformation twinning is limited, the peak broadening is mainly 

caused by different slip modes. As the slope of peak width evolution changes at 5% strain, 

additional deformation modes appeared to be activated.  
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Figure 18 In situ neutron diffraction results: a) the evolution of the lattice strain; b) 

selected lattice strain showing the micro yielding during early deformation; c) normalized 

intensity and d) peak broadening as a function of plastic deformation.  The blue line in d) 

shows the trend of peak broadening. The numbers 1 and 2 following the plane indexes 

stand for neutron detectors bank1 and bank 2, respectively. 

 

 

5.3 Synchrotron XRD studies of texture and simulation  

 

The crystallographic texture reflects the deformation history and deformation mechanisms 

of the material. Hence a detailed exploration of texture evolution is critical to understand 

and determine the deformation modes. Combining synchrotron XRD and in situ uniaxial 

tensile testing, the development of texture induced by different deformation modes can be 

determined by measuring pole figures. The XRD patterns measured at different  angles 

were then used to calculate the orientation distribution function via Rietveld texture 

analysis.  Figure 19a illustrates the representative synchrotron XRD patterns and 

refinement results for the measurement at  = 0° before deformation. Rietveld refinement 

was conducted using Mg and CaAl2 phases. The fitting results show great agreement to 

the cubic CaAl2 phase with the lattice parameter of 8.157 Angstrom. The stack of 

diffraction patterns with experimental data at the bottom and Rietveld fit on top in Figure 

19b indicates good refinement results for texture analysis. Then, the orientation 

distribution function (ODF) was calculated by Rietveld texture fit in MAUD. Figure 20, 

shows the reconstructed pole figures of {101̅0}, {0002} and {112̅0} planes at different 

strains during tensile deformation. Similar to the EBSD result, the initial texture was 

typically characterized by the pole figure of the basal plane. The grain orientations were 
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randomly distributed along RD and TD. The basal texture was increased as the load was 

applied along RD. Then, increased 〈101̅0〉//RD texture component was observed as the 

plastic strain was accumulated. The tensile loading lead the initial basal texture to slightly 

spread towards TD, which also agreed with EBSD results. More importantly, compared 

with EBSD, the in-situ results highlight the gradual texture development of the pole 

figures in Figure 20b-f presenting similar texture components with increasing intensities, 

which is highly dependent on the activated deformation modes. 

 

The dependency of the activated deformation modes on the texture evolution in Mg alloys 

is understood by the simulation using the Taylor model [7]. The classical Taylor model 

considers the homogeneous deformation of a polycrystal. The crystallite ODF of each 

grain is discretized by a set of Dirac distributions. The representative volume elements 

including 5000 grains with initial basal fiber texture is created based on the EBSD and 

synchrotron XRD results. The CRSS needed to activate certain slip systems for this 

simulation is summarized in Table 3. Extension twinning is excluded in the calculation 

because neither EBSD or neutron diffraction showed evidence of twinning activities. The 

uniaxial tensile strain in simulation was also applied along RD to be consistent with the 

experimental set-up. The strain anisotropy is not considered for the simulation. The pole 

figures simulated by Taylor model is given in Figure 21 The pole figures simulated by 

Taylor model showing the texture evolution during uniaxial tension with activated 

deformation modes at different strains: a) 0%, b) 1%, c) 2%, d) 5%, e) 10% and f) 20%. 

The model results clarify the texture evolution during uniaxial tension, along with details 

of activated deformation modes at different strains. For the small plastic deformation of 

1% shown in Figure 21b, the basal fiber texture is enhanced by the basal slip. When the 

prismatic slip is activated, the {101̅0} pole figure is still homogeneous along RD and TD; 

whereas the basal texture is slightly increased. After the activation of pyramidal <c+a> 

slips, a remarkable change happens in the  {101̅0} pole figure, showing six-fold 

symmetric feature with {101̅0} plane facing to RD. The texture developed by pyramidal 

<c+a> slips agree with the result derived from the synchrotron XRD. As the tensile 

deformation proceeds in Figure 21, the basal component in the {0001} pole figure is 

divided into two poles and spreads to TD, which fits the experimental results very well. 

The simulated pole figures elucidate the contribution of Basal <a> slips, Prismatic <a> 

slips and Pyramidal <c+a> slips to the texture evolution during uniaxial tension, 

highlighting the occurrence and importance of Pyramidal <c+a> slips for the large 

plasticity. It concludes that the sample deforms mainly via basal and pyramidal slips.  

Table 3 The activated slip systems and their CRSS values for the Taylor model 

Slip system Plane Direction CRSS (MPa) 

Basal <a> {112̅0} 〈112̅0〉 16 

Prismatic <a> {011̅0} 〈21̅1̅0〉 55 

Pyramidal <c+a> {21̅1̅3} 〈1̅101〉 73 

 

 

In order to further investigate the deformation behaviors of AZXM2110 Mg alloy 

during large plastic deformation, the line-profile modeling and analysis was 

carefully conducted as a function of macro strains, considering the evolution of 
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neutron diffraction peak width. In general, plastic deformation often leads to a 

significant broadening of diffraction peaks, which is dominantly contributed by the 

formation of inhomogeneous strain fields [8, 9]. It is well known that the 

inhomogeneity of the sub-grain structure is usually more related to the 

accumulation of dislocations than variations of intergranular strains. Thus, it gives 

rise to strain fluctuations with the strain field around dislocations responsible for 

diffraction peak broadening [10]. With the above fundamental understanding of the 

plastic-deformation behavior in metals, evolutions of diffraction peak widths at 

different strains are further discussed by the Williamson-Hall (W-H) peak 

broadening analysis approach [11]. The Williamson-Hall plot efficiently provides 

the qualitative behaviors of the diffraction-peak-broadening profile (∆𝐾), 

considering the grain size and strain effects, as shown in the following equation  

 ∆𝐾 = 0.9/𝐷 + ∆𝐾𝐷 (6) 

where 𝐾 = 1/𝑑, ∆𝐾 = −𝐾(∆𝑑 𝑑⁄ ), D is the average coherent scattering domain 

(crystallites) size. The W-H plots for the Mg alloys for selected strains are represented in 

Figure 22a. The slope of the W-H plot is proportional to the square root of the mobile 

dislocation density √𝜌, and the y-intercept is inversely proportional to D. To analyze W-H 

plots at different strain levels, the slopes obtained from the linear fitting for the W-H plots 

are calculated and plotted as a function of the strain in Figure 22b. The value of y-

intercepts drops until 5% and then remains constant to 22.5%. On the other hand, the slope 

increases rapidly for small plastic deformation up to 5% in Figure 19c. Larger than 5%, 

the slope still increases but at a much slower rate, and then after 13%, it changes steadily 

within the fitting errors.  

 

For the early plastic deformation below 5%, a significant increase of the dislocation 

density is obvious. Correspondingly, the reduction of the coherent scattering domain 

(crystallites) size could be attributed to the dislocation induced sub-grain formation. Since 

the dislocation density does not change significantly for the large strain deformation, the 

sub-grain size is nearly a constant. The dislocation density of the grain structure can 

significantly influence the strain-hardening behavior associated with dislocation 

movements during tensile deformation. The initially high work hardening rate drops very 

fast due to the dislocation accumulation. However, after the strain is larger than 5%, the 

strain hardening rate is low as shown in Figure 17. The macroscopic work hardening is a 

result of the contribution of hardening and softening mainly through dynamic recovery.  

 

 

Figure 23The TEM results given in Figure 23 highlight two types of precipitates (Figure 

23a). The large type 1 precipitate is rich in Al, Ca and Si, as indicated by TEM EDS, 

results in Figure 23b. The fine-scale type 2 precipitate mainly consists of Mn and Al 

(Figure 23c). From the previous XRD result, the Al2Ca phase was confirmed. Al8Mn5 

phase was found in the Mg alloy with similar compositions, which agrees with the current 

TEM observation. Figure 23d and e shows the dislocations and precipitates after tensile 

deformation. No deformation twins were observed from TEM images. Dislocations were 

observed everywhere in Figure 23e. The nanoparticles do not appear to be sheared. 
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Instead, they interacted with dislocations by pinning the dislocation slide. Some 

dislocations bypassed the precipitate by the formation of a dislocation loop. These TEM 

results further support the conclusion that the EFORM plus Mg alloy is strengthened by 

the precipitates. 

 

 

 
Figure 19 The representative synchrotron XRD patterns and refinement results for the 

measurement before deformation at  = 0°: a) the measured XRD pattern (black dots) and 

Rietveld fitting (red line) by Mg and Al2Ca, the inset zoomed image showing the non-

indexed peaks; b) the stack of diffraction patterns with experimental data at the bottom 

and Rietveld fit on top. 

  
Figure 20 The pole figures at different strains: a) 0%, b) 2.34%, c) 5.47%, d) 8.59%, e) 

11.72% and f) 18% are reconstructed by Rietveld texture fit in MAUD 

 

 

 

b) 



26 
 

 
Figure 21 The pole figures simulated by Taylor model showing the texture evolution 

during uniaxial tension with activated deformation modes at different strains: a) 0%, b) 

1%, c) 2%, d) 5%, e) 10% and f) 20%.  

 
Figure 22 a) W-H plots for Mg alloys at different strains, b) and c) slopes of W-H plots 

obtained from the linear fitting for the W-H slopes. The slope is proportional to the square 

root of mobile dislocation density 

 

 

a) 0% 

b) 1%: basal  

c) 2%: basal + prismatic  

d) 5%: basal + prismatic + pyramidal 

e) 10%: basal + prismatic + pyramidal 

f) 20%: basal + prismatic + pyramidal  
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Figure 23 a) TEM image of EFORM plus alloy showing two types precipitates; TEM EDS 

composition maps of b) type 1 precipitates and c) type 2 precipitates; d) TEM images 

show the dislocations and e) the interaction of dislocations and precipitate in a zoomed 

view. 

 

(6) Simulated stress-strain response for binary Mg alloys 

 

As discussed previously, the microstructure of the Mg alloys, Mg-1.5Sn and Mg-0.2Ca, 

generated by University of Florida, were characterized using in-situ time-of-flight neutron 

diffraction under room-temperature tensile tests.  For the recrystallized Mg-1.5Sn sample, 

the grains were observed to be equiaxed with an average grain size of 67 m with some 

larger grains up to 200 m in diameter. For the recrystallized Mg-1. 0.2Ca sample, the 

grains were also observed to be equiaxed with a smaller average grain size of 48 m with 

some larger grains up to 200 m in diameter. 

 

For the current simulation study, polycrystal geometries were generated within a bounding 

box of 1mm x 1mm x 2mm to mimic the rectangular shape of the tensile specimen gage 

section.  The average grain sizes of 48 and 67 m to generate tessellations resembling the 

two alloys, Mg-0.2Ca and Mg-1.5Sn respectively.  This resulted in 18,085 grains for the 

Mg-0.2Ca digital sample and the Mg-1.5Sn digital sample containing 6,650 grains.  The 

resulting finite element meshes included 1,571,017 and 965,559 elements respectively. 

Figure 24 shows the geometries for both digital samples. 
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(a) (b) 

  

Figure 24 Polycrystal geometries generated using Neper to represent the (a)Mg-0.2Ca and 

(a) Mg-1.5Sn binary allows. 

 

The elastic stiffness constants were calculated by University of Illinois Urbana-

Champaign (UIUC) using the modified embedded atom method (MEAM) with an 

interatomic potential for HCP Mg.  The resulting values are C11 = 64.3 GPa, C33 = 70.9 

GPa, C12 = 25.5 GPa, C13 = 20.3 GPa, and C44 = 18.0 GPa.  The lattice constants used 

are a0 = 3.187 Å and c0 = 5.173 Å.  Table 4 lists the additional plasticity parameters 

required by FEpX. 

Table 4 Input material parameters for HCP crystal plasticity in FEpX 

Parameter Mg-0.2Ca Mg-1.5Sn 

�̇�0 (MPa) 0.1 0.1 

m 0.01 0.01 

h0 100 100 

g0 (MPa)  

(basal, prism, pyr<c+a>) 

19.8, 64.85, 82.85 22.8, 131.16, 131.16 

gs0 (MPa) 150 150 

m’ 0.1 0.1 

�̇�𝑠0  5e10 5e10 

n 1 1 

 

For the slip interaction matrix, ℎ𝛼𝛽, input parameters include the matrix diagonal value 

and the off-diagonal values.  For both samples a diagonal value of 1.0 and off diagonals of 

10.4 were used.   

 

Base values for g0, the initial slip system strengths, calculated using the Taylor model, 

discussed previously, were set to 16, 55, and 73 MPa.  Those values were then augmented 
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following the UIUC work calculating the changes in CRSS due to the concentration of 

different solute species.  The technique for calculating the changes in CRSS and example 

results for a suite of solutes is described in [12].  The UIUC task directly calculated the 

changes in CRSS for the optimal concentration of Ca, 0.40 at.%, being dissolved in the 

Mg matrix.   The current material only contains 0.2 at.% of Ca.  Therefore, the values 

reported by UIUC were modified.  Following Eqn 11 from their paper, the change in 

CRSS is directly proportional to the concentration.  Therefore, the reported values were 

halved.  The UIUC work does not specifically calculate the ratio for Prismatic/Basal.  For 

the current work since the basal slip is the weakest, the pyramidal changes are also used 

for prismatic.  Following their procedure, values were also calculated for Sn as shown in 

Table 4. 

 

Using the samples and material parameters described above, a series of simulations were 

conducted to compare the impact of grain orientations, average grain size, and differences 

in material parameters.  Finally, simulation results were compared to the strain-stress in-

situ measurements. 

 

EBSD measurements of the texture of the two binary alloys captured very similar off-

center basal textures.  Minimal change to the textures was seen after recrystallization. To 

isolate the impact of the minor changes in textures, simulations were conducted using the 

geometry and mesh representing the Mg-1.5Sn alloy and the corresponding material 

properties.  Figure 25 shows that utilizing the only slightly varying texture did not result in 

visible changes to the stress-strain response. 

 

 

Figure 25 Stress-strain responses for model with different textures.  Texture 1 corresponds 

to the off-center basal texture from the Mg-1.5Sn alloy and Texture 2 from the Mg-0.2Ca 

alloy. 

The difference in average grain size between the two alloys may seem small.  However, it 

results in 2.7 times as many grains in the Mg-0.2Ca model verses the Mg-1.5Sn model.  

To demonstrate the impact of this small average grain size difference, the material 

properties for Mg-1.5Sn and the same orientation distribution were assigned to both 

geometries.  The orientation input for the Mg-1.5Sn geometry only contains 6,650 

orientations.  This set of orientations was repeated to reach the necessary 18,085 

orientations needed for the Mg-0.2Ca geometry.  As Figure 26 shows, the smaller grains 

allow for additional hardening to occur given the same material model properties. 
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Figure 26 Stress-strain response for sample with the same material model properties and 

grain orientations.  The black line corresponds to response from the geometry representing 

Mg-0.2Ca with smaller grains while the red line is the Mg-1.5Sn geometry. 

Given the large impact of average grain size on the bulk response of the models, 

simulations were conducted to compare the difference in the material model parameters 

for the Mg-0.2Ca and Mg-1.5Sn using the same geometry and mesh.  For this comparison 

the larger grain size model representing Mg-1.5Sn was selected.  As noted in Table 4, the 

CRSS values for Mg-1.5Sn are higher.  This results in the higher hardening seen in Figure 

27 when the average grain size is controlled for.  However, when the higher CRSS values 

compete with the smaller average grain size, the grain size effect results in the Mg-0.2Ca 

sample having higher strength as observed in the in-situ tensile tests. 

 

 

Figure 27 Stress-strain comparison of material properties holding geometry, mesh, and 

orientation constant. 

 

Figure 28 shows results for the Mg-1.5Sn sample loaded in uniaxial tension to 2% strain.  

This simulation is best compared to the in-situ tensile results for the recrystallized Mg-

1.5Sn sample. Just below the experimental results the stress-strain curve shows micro-

yielding at approximately 16 MPa compared to 19 with a peak strength of 62 MPa 

compared to 61 MPa observed.  The main deviation is the strain levels at with the stress 

values are reached.  The simulation shows the yielding occurring at significantly lower 

strains.  This may be due to the smaller model size compared to the full gage size of the 
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experimental sample.  Additional impacts may also come from crystal plasticity model 

parameters not calibrated to DFT results.  However, the current results do indicate that the 

changes made to the CRSS values calculated by DFT do result in corresponding stress 

values.   

 

 
Figure 28 Stress-strain response for Mg-1.5Sn sample loaded under uniaxial tension. 

 

c. Significance/impact 

 

The current subtasks aimed to use integrated in-situ synchrotron XRD (high energy XRD) 

experiments and Crystal Plasticity Modeling (HEXRD-CP) to help the alloys and process 

development of low-cost Mg alloys. In-situ HEXRD and in situ neutron diffraction during 

tensile tests of different alloys were performed. From HEXRD and neutron diffraction 

results, initial and deformed texture, and lattice distortion was analyzed.  The major 

findings and their significance are discussed as follows. 

 

The deformation mechanisms of the binary Mg alloys Mg-0.2Ca and Mg-1.5Sn were 

studied by in-situ neutron and synchrotron XRD and SEM/EDS/EBSD. The synchrotron 

XRD results showed (I) the as-rolled Mg-0.2Ca and Mg-1.5Sn (Sample Set # II 15% 

reduction) display very little ductility; (II) stress-strain behaviors showed these samples 

deformed elastically until fracture. (III) The change in intensity and peak width is likely 

affected by the defect induced by cold rolling. The deformation behaviors of recrystallized 

Mg-0.2Ca and Mg-1.5Sn (Sample Set # II) cannot be extracted from diffraction data due 

to the large grain size. The large grain size for synchrotron diffraction failed texture 

measurements. The deformation behaviors of recrystallized Mg-0.2Ca and Mg-1.5Sn 

(Sample Set # I) were studied by neutron diffraction instead of Synchrotron XRD, which 

can be used for model parameters. It should be noted that the strain rate of tensile loading 

for neutron diffraction is much lower than the strain rate for synchrotron XRD. It is highly 

suspected that the tensile deformation of the binary Mg alloys is rate dependent. The 

microstructure and texture of these two samples before and after the tensile deformation 

was investigated by EBSD. The results show that nearly equiaxed grains were formed 

after recrystallization with an average grain size of 48 um for Mg-0.2Ca and 67 um for 

Mg-1.5Sn. The {101̅2}〈1̅011〉extension twins were observed after deformation in both 

alloys. More twins were observed in Mg-0.2Ca than Mg-1.5Sn. For Mg-0.2Ca, the pole 

figure changed very little after deformation; while basal texture for Mg-1.5Sn decreased 

after tensile deformation. The tensile deformation was governed by basal slip and 
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extension twining for Mg-0.2Ca; while it was dominated by basal slip and limited 

extension twinning for Mg1.5Sn. 

 

The tensile deformation mechanisms at room temperature and texture evolution of the Mg 

alloy AZXM2110 (EFORM plus Mg alloy Batch#2) were investigated by in-situ neutron 

and synchrotron XRD experiments combined with multimodal characterization methods 

using electron microscopy. The micromechanical behaviors studied by neutron diffraction 

results showed a micro yielding that was activated by the basal slip at the early-stage of 

deformation. Tensile deformation beyond micro-yielding was dominated by basal slips 

and further activation of pyramidal slips to achieve balanced strength and work hardening. 

The trend of dislocation density was estimated by the peak broadening of neutron 

diffraction, which shows a rapid increase followed by a steady change. The synchrotron 

XRD illustrate that tensile loading along RD developed the texture of  〈101̅0〉//TD and 

leading to the initial basal texture slightly spreading towards TD. The simulation by 

Taylor model explains the contribution of basal slips, prismatic slips, and pyramidal slips 

to tensile deformation induced texture evolution.  The results pointed to the contribution 

and importance of pyramidal <c+a> slip to texture development and plastic deformation. 

This study provided improved understanding of the micromechanical behavior and texture 

evolution of an Mg-Al-Zn-Ca-Mn alloy.  

 

The current work established the fundamental relationships between alloy compositions 

and microstructural attributes (which are in turn determined by processing) to the 

deformation fundamentals of the different slip and twin systems for the currently available 

alloys. This framework can now be used also for the new Mg alloy compositions to be 

identified in the program, therefore providing the quantitative multiscale linkages for sheet 

formability simulations upon the completion of CPFEM simulation.   
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Conclusions 

 

a. The main accomplishments 

 

Texture, grain size, solute concentration, etc., play a crucial role in the overall mechanical 

properties and formability of Mg sheet.  Grain refinement and texture randomization are 

the most efficient ways to improve both strength and ductility of magnesium alloys. One 

objective is to conduct in-situ experiments for modeling input, and finally, to predict the 

ductility and formability based on the microstructure of the Mg alloys. To accomplish the 

objective, in situ neutron diffraction and in situ high energy XRD analysis during tensile 

deformation was conducted for two binary Mg alloys, Mg-0.2Ca and Mg-1.5Sn in as-

rolled and recrystallized conditions.  

 

 

Room temperature tensile testing was conducted using in-situ synchrotron XRD and 

neutron diffraction. It was found the tensile deformation was governed by the basal slip 

following by the {101̅2}〈1̅011〉extension twin for the recrystallized binary Mg alloys. The 

lattice strain evolution for different crystallographic direction could be used to validate the 

CRSS values obtained from low scale simulation and update them via CPFEM simulation. 

The peak intensity evolution during tensile deformation stands for the texture change 

induced by the plastic deformation, which is indicative information for the texture 

predicted by the modeling. 

 

Besides the above accomplishments, the additional investigation was performed to 

understand the deformation mechanisms for the EFORM plus Mg alloy. The Mg alloy 

AZXM2110 (EFORM plus Mg alloy Batch#2) was studied using in-situ neutron 

diffraction and synchrotron XRD experiments combined with multimodal characterization 

methods using electron microscopy. The micromechanical behaviors studied by neutron 

diffraction results showed a micro yielding that was activated by the basal slip at the early-

stage deformation. Tensile deformation beyond micro-yielding was dominated by basal 

slips and further activated pyramidal slips to achieve balanced strength and work 

hardening. The trend of evolution of dislocation density was estimated by the peak 

broadening of neutron diffraction, which showed a rapid increase followed by a steady 

change as a function of the applied macrostrain. The synchrotron XRD results illustrated 

that tensile loading along RD developed the texture of 〈101 ̅0〉//TD and leading to the 

initial basal texture slightly spreading towards TD. The simulation by Taylor model 

explained the contribution of basal slips, prismatic slips, and pyramidal slips to tensile 

deformation induced texture evolution.  The possible contribution and importance of 

pyramidal <c+a> slip to texture development and plastic deformation for EFORM alloys is 

revealed. This study thus provided detailed understanding of micromechanical behavior 

and texture evolution of an Mg-Al-Zn-Ca-Mn alloy. 

 

CPFEM samples representative of the two binary Mg alloys, Mg-0.2Ca and Mg-1.5Sn, 

were generated that incorporated grain size and texture data collected from the in-situ 

experiments conducted on the as-rolled and recrystallized samples.  Crystal plasticity 

parameters were selected from literature values for pure Mg, Taylor model values for 
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EFORM plus, and modified using the change in CRSS calculated by UIUC using DFT 

simulations.  The goal of the CPFEM simulations was two-fold.  The first goal was to 

understand the impact of individual microstructure features and parameters on the bulk 

behavior.  The CPFEM simulations are able to investigate the impact of individual 

variables such as specific grain orientations, grain size, and CRSS value for each slip 

system where physical experiments cannot hold all other factors constant.  The study 

conducted demonstrated the large impact of what might seem to be a small difference in 

grain size.  The difference of 67 to 48 m, between the two binary alloys results in 2.7 

times the number of grains present in a 1mm x 1mm x 2mm sample.  This caused 

noticeable impacts to the bulk behavior of the sample.  The second goal was to determine 

if incorporating the changes in CRSS values calculated by DFT resulted in stress-strain 

response that matched the in-situ measurements. While using the CRSS values from DFT 

did match the stress levels of micro-yield, yield, and ultimate measured, the strain values 

were lower.  The micro-yield stress value was most impacted by the changes in CRSS for 

the basal slip systems.  This is to be expected as deformation is dominated by basal slip.  

The changes in CRSS values for the prismatic and pyramidal could be seen in changes to 

the yield and ultimate stress values.  Additional investigation needs to be conducted to 

determine appropriate model parameters to capture the strain levels observed 

experimentally. 

 

b. Contribution to the State-of-Art  

 

 

The current work provided new results on deformation mechanisms of binary Mg-Ca and 

Mg-Sn alloys as well as EFORM alloy. The details of activation of the different slip 

systems and twinning in these Mg alloys can now be utilized to design superior Mg alloys 

with improved mechanical properties in future.  

 

c. Technological Gaps  

 

In the current study of the binary alloys, the basal slip and the {101̅2}〈1̅011〉extension 

twins were activated during room-temperature tensile tests. No evidence showed the other 

deformation mode such as prismatic or pyramidal slips. However, the low tensile ductility 

of the model alloys limits the study of other deformation mechanisms. The in-situ 

compressive testing is an alternative to understand different deformation modes and can 

provide a more comprehensive perspective for modeling and predicting the formability of 

the Mg sheets.  

 

In the investigation of the EFORM plus Mg alloy Batch#2, it concluded that the <c+a> 

pyramidal slip and nanoscale precipitates are crucial to the large plasticity of Mg alloy, as 

well as the texture evolution. Hence, not only more slip modes have to be compiled into 

the simulation, but also does the contribution of different types of precipitates.  
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