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Acronyms and Abbreviations

(See Table C1 for abbreviations of alloy names)

AET AET Integration, Inc. LT Leadership Team
At.% Atom percent MFDC Medium Frequency Direct Current
APS Advanced Photon Source MRD Multi-Ring Domedwelding electrode)
BP Budget Period MWS Minimum Weld Size
CAD ComputerAided Design ND Normal Direction
CAE ComputerAided Engineering OEM Original Equipment Manufacturer
COF Coefficient of Friction ORNL Oak Ridge National Laboratory
CP Crystal Plasticity (OR]V] Ohio State University
CPFEM | Crystal Plasticity Finite Element PM Project Management
Models PMP Program Management Plan
CRS Cold-Rolled Steel PNNL Pacific NorthwesNational Laboratory
CRSS Critical Resolved Shear Stress PPG PPG Industries, Inc.
DC Direct-Chill (a slab casting process) PPM Pinetree Pos Magnesium
DDRX Discontinuous Dynamic PSC PlaneStrain Compression
Recrystallization RD Rolling Direction
DFT DensityFunctionalTheory RPW Resistance Projection Welding (Arpla]
DIC Digital ImageCorrelation RSW Resistance Spot Welding
DOE Design of Experiment RT Room Temperature
EBSD Electron Back Scatter Diffraction RX Recrystallization
EFP E-Form Plus (Mg sheet alloy from SC SteeringCommittee
POSCO) SEM Scanning Electron Microscope
EWI Edison Welding Institute SOPO Statement of Project Objectives
FEA Finite Element Analysis SRS Strain Rate Sensitivity
FLC/FLD | Forming Limit Curve/Diagram SRX Static Recrystallization
FSW Friction Stir Welding TD Transverse Direction
GAM Grain AverageMisorientation TMP Thermomechanical Processing
GD OES | Glow DischargeOptical Emission TRC Twin Roll Casting
Spectroscopy UF University of Florida
GOsS Grain OrientationSpread uluc University of lllinois Urbana
HCP Hexagonal Clos@acked Champaign
HDGS Hot-Dip Galvanized Steel UM University of Michigan
ICME Integrated Computational Materials UMAT Userdefined Material Subroutine
Engineering UPenn | University of Pennsylvania
IE Index Erichsen UTS Ultimate Tensile Strength
IPF Inverse Pole Figure Wt.% Weight percent
KMI Korea Magnesium Industry XRD X-Ray Diffraction
LDH Limiting DomeHeight YS Yield Strength
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Executive Summary

The overarching objective of thi$sSAMP project was to develop am&monstrateloor panels made

from magnesium (Mg) sheet with a cost penalty over conventional steel stampings of no more than
$5.50/kg saved. The technical approach integrated experiments with advanced computational tools based
on Integrated Computational Materialsdineering (ICME) methods to develop new alloy chemistries

and their thermomechanical processing that promise improved formability and lower forming
temperatures. A penultimate task before finally forming the stampings was to incorporate actual
microstructire into models that would enable formability simulations. This approach would, for the first
time, account for individual magnesium grains moving in an anisotropic fashion unlike that for aluminum
or steel that have isotropic properties upon which theeotisimulation tools are based. In separate
activities, new coatings and lubricants to facilitate forming and improved corrosion protection and joining
strategies, were developed to ensure that the door could be produced with stated product requéirements
technical cost modgWhich included parts production, assembly, and paint for a door specifically
designed for Mg shegthowed the cost penalty to be between $4.26 to $6.60/kg saved, which enveloped
the projedd eost targets. The cost of the coaliégl sheet was identified as the key driver for the cost
penalty. The mass of the Mgtensive door wag.9kg, which was 54% less than thaselinesteel door.

A quintessential requirement of formability, a reflection of plasticity, is the abilityeoinidlividual grains

to possess multiple slip systems as occurs in steel and aluminum. Mg instead has one basal slip system
which is triggered at a much lower stress compared to the others such that deformation continues on this
easy system till failure ahbefore reasonable stampings can be formed. An important part of the project
was to deconvolute the mechanisms that could promote multiple slip systems in Mg sheet to meet the
project goals. Temperature is one variable that can trigger mulipleutneeds to be kept as low as

possible for cost reasagrte be competitive with steel and aluminum that are formed at room temperature.

Atomistic calculations based on density functional theory (DFT), a pristine way to isolate the effect of
individual atans within grains and without other competing effects, demonstrated that the misfit strain
from high atomic radiygow-cost nonrareearth elements like Ca, Mn, Zn, Li and Al, which have
reasonable solubility in Mg, cause strong sellitdocation core iteraction that promotes ndrasal slip.
Thermodynamic calculations and detailed experiments showed that the combination of both Ca and Zn
demonstrated dynamic strain aging due to negative strain rate sensitivity, which in turn nucleated
desirable shear bda within a certain range of strain rates and temperatures during making of the sheet.

It is on these bands that grains with a desirable weaker basal texture, and thus improved formability, form
in the final recrystallized sheet ready for stamping. Moeeoa large database linking processing with
microstructure and texture of MgaZn alloys was developed, revealing the significance of various
processing steps. Combining these results led to the development of a FEXvH#gI-0.5Ca0.2Ce

0.4Mn alloy with a modified multistage homogenization process that demonstrated a high elongation of
31% and a stretched Erichsen cup height of 7.8 mm at room temperature, which values are very close to
thoseof some automotive aluminum alloys. A pleasant outcomeegbtbject was the development of

the desirable weak texture when the sheets were rolled asymmetrically as opposed to when both rolls
operate at the same surface speed.

Other than the challenges of obtaining a weak texture, Mg sheet does not have #gtajeated

grains as occurs generally in aluminum or steel. This anisotropy drives additional computational
complexities when conducting formability simulation. This project, for the first time, initiated a multi
scale approach to incorporate the atanisotropic microstructure obtained from electron back scatter
diffraction (EBSD), which provides precise orientations of the individual grains. The evolution of the
orientation of the grains with strain were coupled in a Crystal Plasticity (CP) mbdeg each

integration point accounts for the initial and evolving microstructure due to multiple slip, twinning and
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texture evolution. Inputs to the model were obtained from high resolution tests to determine micro
yielding behavior and obtain straiate dependence of stressain behavior as function of temperature

and sheet orientation along various strain paths. Indeed, CP simulation, based on the improved material
card obtained from actual microstructure input, predicted strains in locatiorengpest parts that were

in agreement with actual experiments. These failure strains were not predicted by simulations based on
averaged material information which do not include the evolving anisotropy.

A key endeavor of the project was to develop virmigrostructures in a quest to enable their

manipulation in computational models to define those that could directionally be tailored towards
multiple slip systems with less anisotropy in Mg alloys compared with pure Mg. To that end, 3D virtual
microstrictures based on experimental measurements of binary Mg alloys to represent key features of
texture, grain size, grain orientation were developed. The critical stresses for slip on the various planes
were calculated from DFT and, when inputtgstal plagcity models, matched experimental
measurements. Reducing grain size was shown to have a pronounced effect on increasing strength.

Confidence in the formability simulations were first validated in experimental symmetrical stampings and
subsequently inaual door stampings. Successful stampings were obtained at temperatures between
200°C-25C°C to meet the ultimate goals of the project with appropriate modification to the die originally
designed for steghs suggested by the simulation and preliminary stamping trials. The actual panels were
scanned with light in 3D to validate the simulations. Although not tested, simulations of side pole
intrusion test, as well as several other attribute tests, shtnaethe magnesium door met all engineering

and performance requirements.

The paramount challenge for implementing Mg sheet cost effectively in automotive products is the ability
to join and coat with lubricants and pretreatment for downstream stampimpgiangrocessing without
disrupting the large capital investments in place. Both resistance spot welding and laser welding in
uncoated and pretreated conditions with and without forming lubes showed consistently good welds and
thus not a limitation. Anique estebased lubricant augmented with a superwetting agent provided
uniform hydrophilic film coverage on the-eslled sheet after drying. This lubricant eliminated
carbonization at the elevated forming temperatures used. -Adageld lubricant waalso developed as an
alternative that met all tribological requirements for forming. Conversion coatings that passivate the
intrinsic oxide film on magnesium obtained due to general oxidation of this reactive metal, just as for
aluminum, were developed poevent oxidation and corrosion of the sheet. One pretreatment developed
removed the oxide layer to improve corrosion performance afteag(the first step in the paint process)
which was followed by another pretreatment to form an insoluble pratesiating when steel and

aluminum in multimaterial bodies are present in adjacence. A chifoe@econversion coating and a zinc
plating were also developed that demonstrated good bonding with magnesium sheet and did not fracture
during stamping. All cdings passed the required humidity tests and met the oxidation and corrosion
requirement for warm forming. Neither lubricant needed to be washed off or cleaned in any way after
forming for joining or adhesive bonding, and the lubricants and coatingdataitg compatible with the

typical automotive paint shop.

Although the various elements of the project like new alloys, rolling processes, and coatings could not be
incorporated into the sheet that made the demonstration door, the overall projectsgfiended by

DOE demonstrated immense strides towards bringing magnesium sheet closer to a viable structural
automotive application. The research completed will hopefully spur future work in areas such as
enhancements to the computational modeling twolgirtual development and characterization of new

alloys with still more randomized texture and enhancements to direct crystal plasticity models better
optimized for complex stampings. Larger efforts will still be needed to scale up the variousmyomisi
technology components identified for high volume implementation.
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Chapter A. Introduction

Al. Background and State of the Art

T h dowACost Mg Sheet Component Development and Demonstration Rr@j€i¥S) was awarded to
the United States Automotive Materials Partnership, LLC (USAMP) effective October 1, PRiEGO0-
month approximately $8 million (including cashare)projectwas organizetb produce lowcost
magnesium sheet products for automotive iappbns.

USAMP is 100% owned by therlited State€ouncil for Automotive Research (USCAR) whose
members are U.Sased automobileriginal equipment manufacturel®EMs): FCA US LLC, Ford
Motor Company, and General Motdi®ldingsLLC. Sinceits formation over two decades agdéSAMP
has collaborated extensively with the U.S. Department of Energy to cqardaompetitivaresearch and
development aimed at reducing the mass of automobilesgh strategic use of lightweight materials.

Most of theapplications of magnesiu(iMg) in cars and trucks are die castings rather than sheet metal.

These include large parts such as radiator suppifigate inner panels, seat framaad crossar beams

and small parts such as roof hangdisering whes| and shift levers The main advantage$ Mg are

mass reduction, part consolidation, metallic ffee
Automotive applications of magnesium sheet have typically been experimentabwollone serial

production including decklid inner panglrear sediackpanes$, and roof panels. These are formed at

elevated temperatures ranging up to°@q®y either a blow forming process or a stamping process

A2. Project Objectives

The objective of this project was tesearch, develop, and demonstrate at least one large, challenging
magnesium sheet component on a model year 2013 (MY13) or newer vehicle at a manufacturing cost
penaltyof less than $2.50 per pound of weight sai##50/kg savedyhen compared to steel.

The baseline components evaluated in this project were inner amghanigds fronthe front doors of two
mid-size sedans: Chrysler 200 &20ll3 MY Ford Fusion. These components were selected due to the
numerous challenges involved in producing large Mg ablased panels that would meet industry
requirements for formability, durability, joiability, stiffness,corrosion protection, and appaace.
Whereas the Chrysler door was used for technical cost modelling, the Ford door was used for
demonstration due to the ready availability of stamping tobte proprietary Ford door design and the
associated confidential CAD models preventedriwel door from being used in the cost modelling, thus
the Chrysler 200 door, being of similar design, was utilized as a surrogate.

A3. Technical Approach

USAMP implementedh technical approadhat integrate@xperimental, computational and data tools

that, through this projechave shown a pathway to accelerate the development and deployment cycle of
low-cost Mg sheets. To accomplish the project objestiMSAMP organized a team 82 subrecipients
national laboratory partneesid vendors to resedr, develop, test, and evaluate at least one Mg alloy and
commensurate processing suitable for rolling automotive appearance gradarstieetemonstrate

warm forming of inner and outeloor panels based on the 20M¥ Ford Fusion to validate the result

TheU S A M Rhélistic approach includkthe followingautomotivesheet componemechnologis:
Alloy chemistry and sheet rolling process development

New coilapplied coatings and warforming lubricants

Warm formingsimulation, stampingnd joining process development

Paint shop pretreatment process developed to work with Mg, Al, and steel
Final cost, weight, and performance evaluation at end of project

=A =4 = -8 =9
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This 60-month approximately$8 million (including cosshare)project consigd of the following major
activities conducted over seven technical tdsksFigure Al) technical cost guidance to identify key
cost drivers associated with current Mg component producltmy, and process optimizatipmaterial

characterization and modeling studiegil pretreatmenstudies protectivecoating application and
stampindubricationdevelopmert; panelforming simulationstudies and scaling to wardorming
demonstratiomf large componentgorrosion protetion; andsheejoining studies.

Commercial Sheet Alloy Support
ZEK100, E-Form® Plus
Task 5

Technical
Cost
Guidance

Task 1

Mg Sheet Processing and
Experimental Sheet Production

+ Alloy development

* Rolling process development

+ Material performance evaluation
* Produce sheet material

Tasks 2,5

Coil Coating,

Forming Lube, and
Paint
Shop Pretreat

Tasks 3

Figure Al Project task interrelationships. (Source: USAMP)

Panel
Forming Technical
Task 6 Cost and
Performance
Validation
Joining
» Task 4 Tasks 1,7

The USAMP team accemdNational Laboratory tools and expert researchers within the LigitM
Consortiumi specificallyOak Ridge National LaboratorfDRNL) andPacific Northwest National
Laboratory PNNL). Public data and code developmtthe project were curated and hosted in the
DataHUB repositorestablisked by LightMATas part of

The project encompasséwo major aspectsor thrust areas for research collaboratibms&chievethe

objectiveof low-cost Mg sheefior automotive use

1. Towardsthe first aspect, thd S A M Relbagacterizationf E-Form PlusMg alloyshasresulted inthe

USAMPOG s

Dat a

development of detailed material property datea new alloyat elevated temperatures, and

facilitatedits implementation in computational modeling tools, thereby sputhiegirtual
development and characterizatiomefv Mgalloys better optimizg for automotive manufacturing.

2. The second aspect focasen the improvement of rollindormingand joining processes,
pretreatments, higlemperature lubricants, and corrosion coatings to enable greater use of existing
Mg sheet materials.

Due to this dal path, manyf the technical subaskswere executedoncurrentlyin order to achieve
identified milestonesver the three budget periogdherein the technical emphasgias as follows

Budget Period 1 Alloy DevelopmentProcess Cost Analysis alfdME Predictive Modeling

Budget Period 2 ICME Model Validation, Pretreatment/CoatihgbricantDevelopmentAlloy and

Rolling DevelopmentandJoining Processd3evelopment.

Budget Period 3 Large Sheet Production, Demonstration ComponentCastf\Weight Analysis

During the project,everalnonbasal (randomized) textured Mg alloy shesples werdesigned and

fabricatedn academic laboratories, attteir properties evaluated for potentialstamping panels at

moderately elevated temperature (involving stretch as in outer panel and draw as in inneepaes
other strain paths in between) to meetdhbality, appearanceand corrosion/paint requirements. This

Page 7
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effort requirel the modelling, experimental, engineering and data tool teams to work in a seamless
manner.Research teams frobniversity of Florida UF), University of lllinois Urbana Champaign
(UIUC) and PNNLcollaboratedn developing microscale and atomic scale computationabappes
while theUniversity of PennsylvanidPenr), InalTech, PNNL and Vehma teams focusedr@atroscale
(i.e., Finite Elemenfnalysis, FEA model developmentlata fitting and integrattn. They were
supported imaterial characterizatioexperimeral propertieameasuremengndthermomechnical
processingpproacheby Ohio State University@SU), ORNL, UFand University of MichiganM) to
provide composition and microstructure inputs as well as wiarming inputs Additional specialized
strain path testingt elevated temperatuneas performed by ADI-AMT LLC in order to determine
forming limit curves (FLC)The UPenrinalTechteam suppéd constitutive information to the warm
stamping participanlVehma,and provide desired texture specifications and mechanical property
specifications to the sheet suppliBOSCO The labs involved in experimental work at UF, Q&IM,

and PNNLvalidated predictions from atomistic, thermodynamic, microscale and continuum scalesmodel
developed at WC, UF, OSU InalTech/UWPenn and PNNLThe knowledgebtainedfrom the modeling
suitewasusedfor planningdownstream part forming trials ippth, Edison Welding InstituteW1)
(cup-draws andntermediate size and complexity crdesms), and Vehma (inner and outer door panels)
Selecteddata verevalidated in labscale experimentda couponlevel tests.

The industrial participantdenkel, Xtalic, Fuchs, Quaker, PPG and Algtegrationcollaborate on
development of copretreatmentsstamping lubricants, joiningnd application of protective coatings
deliver Mg alloy sheet panels which met specified goaladitwmotiveformability, join-ability,
mechanical behavior, corrosion resistance, appearance, and cost. Initial expevimoentea
development of forming lubricants and actirrosion treatments bagwith the commercially available
ZEK100 alloy sheetq rare eartttontaining alloyshown to be warm stampable at 25Q°E)r reasons
documented itChaptelr, the USAMP thenransitiore d t h e t at#heénd of Bldoeuvalsation

of E-Form PlugAZXM2110) alloy for the remaindeof the project. In addition to physical experiments,
the industrial participant@rimarily Vehma)conduced computer simulations in the aredfarmability
analysis and mechanical behavior of the door assembly.

Technical cost modeling activiti®gereled by Camanoe Associajesdoccurred bothearly in the
projectto help identify the major cost drive(BP1), andat the conclusion dhe prgect (BP3)to quantify
the overall succestue to the technological advances demonstrated

The academiandnationallaboratoryparticipantsandthe suppliers integratktheir respectivactivities
under USA MP i meebtheechnigaldgtéradquirements of the pect

A4. Project Management

The22-organizatiorproject team compriseechnical staff from the thradSAMP-member automotive
compaires academic researchers, selected automotive Tier 1 manufacturing suppliers, sheet material and
coating suppliers, test laboratoriéschnicalconsultant@ndnational laboratoriesTwelve organizations
werecontracted asubrecipients The two national laboratories were separately engaged under-a DOE
USAMP agreement with the LightMAT Consortiuand theremaining organizationsereengaged as
vendorsunder USAMP Purchase OrdgA full list is shown in Appendix 1)

Theentireprojectwas managed by 322-membelUSAMP OEMIled Leadership Team (LBppointed
under the oversight of the USAMP Steerldgmmittee of senior managers from the OENIBe LT met
weeklyandcomprisedwo or moreTask Leaderfrom each USAMP member company, DOEO
Program ManageandNETL Project Manager (as namting members)andathird-party Technical
ProjectManager from MTech InternationalLC. M-Techcoordinaté tasksper scheduldiaised with
the sponsorssubrecipientgvendorsand USAMP managemerandreportedon researciprogress
USAMPS administrative legal and financiadtaff participated aseead.
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Regular taskevel reviewswere heldby the OEMbased task leadewsith each performing organization
to ensure research activitiegre relevant to the project goals. Monthly reviemese held with

LightMAT and DataHUB partneraindquarterlyall-team meetings were held at USCAR in Southfield,
MI T these meetings began with a Technical Kickoff in June 2017 and continued until Januakyi#®20
the Covid19 pandemiemergencyn Spring 2020 mandatoryoffice shutdowns and sheltér-place
directives issued by governmeraad USCARnecessitatedll projecttasklevel and teantevel meetings
to beheld virtually using electronic collaboration toofsFinal Closeout Review was held virtually with
the DOE and USAMP management in May 2021.

Ab5. Data Archiving in LightMAT DataHUB

TheData Management Planvolved USAMP collaborating with theilght MAT Consortium talevelop
and employa projectspecificdata repositorgystem known as DataHUBr the storage, curation, and
dissemination of project experimental data and models. The objeatigdanctions of DataHUBre

1. To enable review and certification of project experimental data;

2. To provide appropriate metadata to describe the sourcesethddologies used to generate
experimental data;

To facilitate transfer of experimental data between project participants;
To facilitate material model calibration and validation;
To provide an archival record of data and material models generated ttharipgpject;

o g bk~ w

To provide a reference source for project publicatiansl
7. To provide public access to project data and technical reports.

In addition toall experimental anchodelingdata being uploaded to DataHUW all team membergach
of the subrecipients' final technical reports were uploadediesd andare publicly accessible (with
account setup protocolg}xhese final sultask reportprovidefar more detail than could be included in
this technical report.

Eachsubtask reporis accessiblat https://data.lightmat.org/projeas explainedh eachchapter
summary in thidinal report.
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Chapter B. Task 1. Technical Cost Guidan@
(Camanoe Associates Principal Investigator: J. Gregory)

B1l. SUMMARY

Thereweretwo objectives for Task 1 on technical cost guidance: (1) Identify and quantify the key cost
drivers and obstacles associated with the current magnesium alloy sheet material and automotive
component development process to understand the best opportonite®lop a lowcost alternative.

(2) Compare the costs and weights of producing the lightweight magnesium door with a conventional
steel door.

The initialanalysisof cost drivers found that magnesium assemblies are more expensive because material
andassembly costs relative to baseline steel designs outweigh gains from lower mass and part count
reduction The material costs are primarily driven by high raw material costs. Primary magnesium from
China produced using the Pidgeon process is about hetbasisive as that made in the US using the
electrolytic process.

Camanoe's procetmsedcost modelindPBCM) analysis of the magnesium door usethscenario®f
producingthe magnesiuniotal costs included parts production, assembly, and paintidversinFigure

B1, the comparison of producing the magnesium door to the steel door showed that therdthinad
magnesium doorods | ightweighting cost of $4.26/ kg
the USproducednagnesium scenario hadightweighting cost of $6.60The cost of the coated

magnesium alloy sheet is a key driver of the results. A 10% decrease in the cost of US magnesium would
lead to it being within the projaztightweighting cost targetThe mass of the magnesitimensive door

is 9.1 kg (54%) less than that of the steel door.

While the larger parts in the magnesidoordesign are cost competitive, the smaller parts have

relativelyhigh lightweighting costs, and the aluminum castingeavier and significantly more expensive

than the equivalent three steel parts. This indicates there is opportunity to optimize the magnesium door
design. Detailed discussion of work on this Task may befound Camanoebfas f i nal repor
https://data.lightmat.org/project

Total Cost = $132 Total Cost = $192 Total Cost = $171

Weight =17.0 kg Weight=7.9 kg Weight = 7.9 kg
Cost/wt=57.80/kg Cost/wt=$24.51/kg  Cost/wt=$21.83/kg
$200 A$/Akg=6.6 AS/ Akg=4.26
$30.69
5 5150 $30.69 baint
o
- $29.23 B Assembly
5 #100 W Parts
S $50
S0

Steel Mg - US Mg - China

FigureB1: Total part fabrication, assembly, and paint costs per door (100,000 anhua8). (Source:
Camanoe)
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B2. ACCOMPLISHMENTS AND RESULTS

B2.10Objectives
The objectivesvere accomplished through work in six sialsks, which were accomplished successfully
without variances:

1. Provide summary of cost drivers. 4. Modify existing Mg warm forming model.

2. Calculate cost of producing benchmark steel doob. Calculate cost of producing Mg door.

3. Develop cost models of two coatings 6. Compare weights and cost of Mg and steel
processes. door.

B2.2 Methodoloqy

B2.2.1Summary of Cost Drivers

The objectiveof this subtaskwas to provide a summary of existing cost drivers of current magnesium
sheet and automotive component production and assembly. The applaattas to use information
from the 2010 USAMP AtomotiveMetalsDivision (AMD) 603 project and publicly availablidrature.
(Camanoe did theriginal analyses in AMD 603).

B2.2.2ProcessBased Cost Modeling

The approach for the other tasks involved the use of prbesesl cost modeling to quantify costs of parts
production, coating, and assembly of the magnesium and steel doors. PBCMs combine engineering
process models, operational models, and an econaannefvork to map from details of product and

process to operating costs. Since PBCMs are built around technical details, they allow one to explore how
cost evolves as a technology or operating conditions change.

The scope of the door production procesdfuth the steel and magnesium designs is summarized in
FigureB2. PBCMs of coil pretreatment, part production, assembly, and paint were used ftindooth
magnesium and steel doors. The lightweighting cost of the magnesium doors and parts was calculated by
dividing the difference in cost between the magnesium and steel designs by the difference in weight.

All part and assembly data for both the steel and magnesium door designs was provided by FCA.
Processing dataeregenerated by Camanoe using existing PBCMsearedeveloped in consultation

with otherindustrial partners on the project. The PBCMs inclegeipment and operational data such as
equipment costs and capacities using information from Camanoe databases. Cosppasitnt

processing parameters were estimated using algorithms in the models including equipment size, line rate,
tool cost, and numbef workers.

The set of PBCMs used in the analysis include: Mg coil coating pretreatment; Component Production
(stamping, warm forming, die castin@ody Shop Assembly Operations (including spot welding,
adhesive bonding, fastening, laser welding, weits, clinch nuts, seffierce rivetaandscrews); and

Paint Shop Operations (including cleaning, pretreatmentdg, paint).

B2.2.3Model Input Data

General input data (wages, electricity cost, building cost, etc.) and steel material prices ana based
proprietaryCamanoe databases. Magnesium sheet prices were more difficult to estimate. While the USGS
provides data on the price of primary magnesitnare is limited available data on alloy costs and sheet
production. Alloy ingot prices were assumecdequal recent primary magnesium prices: $5.00/kg for US

and $2.50/kg for Chinese. Data on the conversion cost of primary magnesium to sheet was also difficult to
obtain.POSCOprovided data on twinoll cast aluminum sheet conversion costs of $2.13/kg, which is
approximately $3.30/kg for magnesium when accounting for the density differehgestreatment price

of $1.20/kg was usedA Mg scrap price 0$1.50/kg (60% of Pidge price) was used.
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Part .
Pretreatment . Assembly .

Coil Coil Part
Production Pretreatment production

Steel Cold rolled Galvanization Stamping Conventional Conventional
Approach Approximate Approximate PBCM N/A PBCM PBCM
Supplier Cost Supplier Cost
Mg Twin roll casting  Coating Warm Forming & N/A Include Mg RSW  Conventional +
Casting pretreatment
Approach Estimate PBCM PBCM N/A PBCM PBCM

FigureB2: Comparative analysis scope and approach for modeling and cost estif&diace:
Camanoe)

B2.2.4Door Designs

The baseline steel door design (17.0 kg and 9 parts) from the Chrysler 200 is skayunéB3 anda
lightweight magnesiuantensive Chrysler 208oor design (7.9 kg and 7 parts) developed in this project
is shown inFigureB4. Additional details on the designs, processes, and assembly contEmisnn
TableB1.

TableB1: Number of partsmass, andssembly content for twaoor designs.

Steel Baseline 9 17.0 41 14 45 1 1.0
Proposed Mg 7 7.9 13 4.5 1 1.0 18 16 0.9 4
B2.3Results

B2.3.1Magnesium Cost Drivers
Cost drivers were broken down by the key steps in the Mg door production process as follows: primary
Mg production, sheet rolling, part forming, part surface treatment, and assembly.

Primary MagnesiunProduction

Camanodiad conducted a cost analysis of producing primary magnesium using both the US electrolytic
and Chinese Pidgeon process as part of the AMD 603 project. Results were around $4.60 and $3.30/kg,
respectively. Raw material prices are key cost drivers fdr patcesses. Pidgeon process is sensitive to
labor costs, whereas the electrolytic process is sensitive to equipment costs. Data availability was better
for the Pidgeon process

MagnesiumSheetRolling

The main source of information was a study wasducted by the Aluminum Consultants Group and the
Pacific Northwest National Laboratory in 2005 that analyzed the costs efdivend twinbelt sheet
production. Metal cost (AZ3alloy) was found to be the primary cost driver in both cases. Thectmal

is highly sensitive to the raw metal price, but generally #wihcasting was shown to have potential as a
lower-cost alternative Capital utilization is key for botprocessesandrolling reduction per pass and
recovery are also key cost drivers.
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Part Forming
A preliminary cost modeling analysis of a magnesium door inner panel produced from sheet via warm

forming was conducted using models and data from the AMD 603 projectnfikatvas assumed to be

3.3 kg (50% of the steel door design) with the sangineeredcrap rate (55%), and the same magnesium
alloy sheet prices as the AMD 603 study were used ($8.00/kg). Material cost accounted for 82% of the
$52 total cost per doonmer. This is due to both the high cost of the sheet and the relatively high
engineered scrap rate for a door inner.

Part Surface Treatment and Assembly
Other cost drivers related to were summarized from experience gained from the AMD 603 project.
1  Surface treatmenaf parts prior to assembly
0 Added cost: no treatment required for steel parts.
0 Pretretment required for individual part€onversion coatingndtop-coating required for
complete assembly.
o0 Opportunities to reduce treatment costs anchiange surface treatment approach.
1 Assembly:
o Despite parts consolidation, Mg front end assembly costs higher than steel.
0 Opportunities to reduce assembly content and/or reduce joining costs.

B2.3.2Impacts on Mass and Cost

The calculated impactsianass and cost for the steel scenario and two magnesium scenarios were shown
in Figure B1 forcomplete doostructures andre shown in detaih Figures B5 and B6 for three selected
large panelsThe latter show that material cost is approximatelr 8% of the panel cost.

B2.3.3Sensitivity Analyses

There is uncertainty in several of the parameters used in the cost analysis, particularly annual production
volume and material costs. The baseline annual production volume of 100,000 clearly assumes a long
range scenario. The cost per door is highegivatvblumes and decreases as volumes increase, primarily
driven by the fixed cost of tooling. Although the cost of each door is sensitive to the annual production
volume, the steel door is always lower cost than the magnesium designs and the US mageeaiion sc
always has the highest cost.

The sensitivity of total door cost to material costs is high: A 10% change in material cost leads to
approximately a 5% change in total door cost for all three scenarios, with the US magnesium scenario
showing the lagest impact because of it having the highest material cost. The US magnesium scenario can
achieve the $5.50/kg project target with a 10% decrease in material costs. A 50% reduction of China
magnesium price would likely be necessary in order to achieveaast with the steel design.
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Impact Beam
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FigureB4: MagnesiurdntensiveChrysler 20Gdoor desigrconcept (Source FCA, for cost study only.

B3. CONCLUSIONS AND RECOMMENDATIONS

1. Theanalysis oftost drivers found thatutomotivesheetmagnesium assemblies are more
expensive because material and assembly (resigive to baseline steel desigpsitweigh gains
from lower mass and part couetduction Material costs are primarilyriven by high raw
material costs. Primary magnesium (ingot) from China is about half as expensive as that produced
in the US by a different process.

2. The magnesium door weighsl¥g less than thbaselinesteel door. The cost of lightweighting
is $4.26/kg saved if the sheet is from China, which is less than the target of $5.50. The cost is
$6.60/kg saved if the sheetssurcedrom the US.

3. While the larger parts in the magnesium door design are cost competitive, the smaller parts have
relatively high lightweighting costs. This suggests opportunities for design optimization.

4. From a cost modeling standpoint, there are opportunities to improve the robuBhelsghest

priority should be the cost of the coated magnesium sheet given itlasghst cost driver. A
better understanding of sheet pretreatment processes would lead to a better cost estimate as well.
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Door Inner Panel: $31.50
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Equipment 3%

10%

Door Outer Panel: $12.71
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FigureB5: Steeldoor part processingparametersassumptionsandcosts.(Source: Camanoe)
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Material Cold Rolled Mild Steel 140
Yield, 270 Tensile, hot-
dipped galvanized

Thickness 1.5/0.75 mm (LWB)

Dimensions 1227 x 1102 x 32 mm

Blank Weight 15.5 kg (LWB)

Part Weight 6.63 kg

Eng. Scrap 57%

Tool Cost $1,500,000

Press Line 4800 t Transfer

Line Rate 990 parts/hr

Workers 3

Material Bake hardendable
substrate steel 210MPa
Yield, 310MPa Tensile,
electrogalvanized coated

Thickness 0.65 mm

Dimensions 1102 x 724 x 111 mm

Blank Weight 13.6 kg (2 parts per blank)

Part Weight 4.52 kg

Eng. Scrap 34%

Tool Cost $1,500,000

Press Line 6000 t Transfer

Line Rate 750 parts/hr

Workers 3

Material Cold Rolled Mild Steel 140
Yield, 270 Tensile, hot-
dipped galvanized

Thickness 0.85 mm

Dimensions 1161 x 526 x 81 mm

Blank Weight 5.41 kg

Part Weight 1.65 kg

Eng. Scrap 69%

Tool Cost $1,000,000

Press Line 2400 t Transfer

Line Rate 1050 parts/hr

Workers 3




Door Inner Panel: $34.94

Labor
3%..

Equipment
5%

Door Outer Panel: $23.80

Labor
4%

Equipment &

a"

Window Surround: $16.34
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6% AN

Equipment '
7%
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FigureB6: Magnesiundoor part processing parameters,
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Material Coated Mg sheet
Thickness 1.2 mm
Dimensions 1227 x 1102 x 326 mm
Blank Weight 3.95 kg
Part Weight 1.77 kg
Eng. Scrap 55%
Tool Cost $1,800,000
Press Line 800 t Tandem
Line Rate 350 parts/hr
Workers 3
Material Coated Mg sheet
Thickness 1.0 mm
Dimensions 1228 x 724 x 111 mm
Blank Weight 2.19kg
Part Weight 1.54 kg
Eng. Scrap 30%
Tool Cost $1,500,000
Press Line 750 t tandem
Line Rate 350 parts/hr
Workers 3
Material Coated Mg sheet
Thickness 1.0 mm
Dimensions 1161 x 526 x 80 mm
Blank Weight 1.41kg
Part Weight 0.43 kg
Eng. Scrap 70%
Tool Cost $1,300,000
Press Line 750 t Tandem
Line Rate 350 parts/hr
Workers 3

assumptions, and (@misce: Camanoe)



Chapter C. Task 2 Alloy and Sheet Processing Development
TASK INTRODUCTION

Theresearclyoals pursuedn this broadscopetaskwereto uselntegrated Computational lterials
Engineering (ICME) methods to developetter fundamental understandinglaé role of alloying
elementsn new Mg alloys andalidate theirmaterial models, characterize key alloy properties needed to
predict improved sheet|oy chemistries, and pursughermomechnical processdevelopment to achieve
the following objectives
1 Improved formability/reduced rolling temperatures and numbeiof rolling passesequired;
1 Improved formability/reduced forming temperatures;
A Goal: Reduce stamping temperaturéétow 250C in a process in which the blank is heated
but the tooling isot
A Stretch Goal: Roomitemperature formability w i t hassAdGuiface appeaance (by stamping
sheet in a stable soft temper, then hardening the part by ebplilike heat treatment)
Achieve andonized crystallographic textursheet;
Demonstrate mxdhanical propertiesin new Mg alloyssufficient to enable weight reduction
oppatunitiesgreater thamhoseof todayé Mg shee materials for the selected automotive
comporents;
1 Validate ICME predictions forformability and mechanical properties, includinghigh strain rate
properties compared to baseline magrial using test ssmples piepared in this projet.

= =4

Figure C1 illustrates the types of data generated by each performing organization and its application in
samplefabricationand characterizatioifhe subtask level final reports received from each contributing
organization have beeigsificantly condenseth this reporto highlight accomplishmentdndividual
detailledsud as k f i nal reports are accessible at the

Experimental Alloy Development

Modeling Fabrication Discovery/Characterization

UluC (Alloy 3 and beyond) UF UF

DFT — Solid Solution Strengthening model Alloy Fabrication Dynamic strain aging

«  Activate slip systems *  Formulations * Identify texture weakening
o Relate twinning modes with solute size misfit + Binary and ternary samples
3 Model predictions for solute species (beyond PNNL
<=£ L I | B | 4 Tentsicn tests

Binary alloy Mg-Ca, Mg-5n we me= == == == == ™ In-situ HEXRD
Evaluate lattice elastic strain evolution (XRD)
— Input for CP model
______
PNNL == Y
Crystal Plasticity @ = — — | i X
Output: shear stress (CRSS) Quagtlfyb'l;exture Evolution (EBSD)
+  Validate UIUC modeled CRSS T ReedlE
Deformation vs. recrystallization
= Systematic study of processing parameters
osu osU
T Alloy Fabrication
- osu . . Tension — OSU
. . Thermomechanical processing

o~ Thermodynamic Modeling L
> s . i Homogenization schedules
o CALPHAD and diffusion modeling Rolling schedules um EWI
< Erichsen cup = Erichsen cup

ORNL

Thermomechanical processing
Symmetric vs. asymmetric rolling

FigureC1 Task @ganization and data flows ftine alloy development proce¢Source: USAMP)
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TableCllists several Mg alloys which were used and/or referenced in this project, together with their
elemental compositions. Throughout this repbe alloys are referred to by their "Abbreviated Names"
shown in this table, but theade names and ASTke names are included for completeness.

Table C1 Names and compositions (wt. %) of Mg alloys used in this study

Trade/Alloy | Abbrev ASTM-like %Z | %Z
Name . Name name %Al n r %Ca | %Mn | %Sn | %RE Notes
AZ31B AZ31B 3 1 - - - -
ZEK100
(Elektron 1.0 0.12
717™) ZEK ZE10A - 15 | >0.2 - - - 0.22 1
E-Form 15 | 0.6 0.2
Plus™ EFP AZXM2110 25 | 14 - <1.0 1.0 - - 2
EFPbatch 1| EFPbl AZXM2110 1.94 | 0.89 - 0.71 | 0.30 - - 3
EFP batch 2| EFPb2 AZXM?2110 1.92 | 0.89 - 0.77 0.30 - - 3
EFP batch 3| EFPb3 AZXM2110 1.97 | 0.91 - 0.85 | 0.36 - - 3
EFP batch 4] EFPb4 AZXM?2110 1.65| 0.75 - 0.72 0.30 - - 4
USAMP
Alloy 1 Alloy 1 ATMZ3100 2.98 | 0.30 - - 0.40 | 1.01 - 5
USAMP 0.01 0.209
Alloy 2 Alloy 2 ZXMEZ2100 1 2.10 - 0.52 | 042 - Ce 6
USAMP Alloy 2 0.2
Alloy 2 Plus Plus ZAXME11000 1 1 - 0.5 0.4 - Ce
"Alloy 3" Family of Mg-based binary and ternary alloys containing Ca, Zn

Notesin Table C1

1. Luxferga.com/app/uploads/Luxt&ilektron717_2018.pdf
POSCOspecification on €rtificateNo. 2981845

GM R&D Analytical Chemistry Certificatéor EFP Batches-3.
GM R&D Analytical Chemistry Certificatéor EFP Batch 4
Korea Magnesium Industry Sample No: KS171215 41
Korea Magnesium Industry Lot No: KA180622 01

ogkwnN

Abbreviations for elements in magnesium alloy$From ASTM B951-11 (2018)
Aluminum

Rare earths

Strontium

Zirconium

Manganese

Silicon

Tin

Calcium

Zinc

N X|H|W» IZ|R |« m| >
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C1. Atomistic Modeling of Deformation Mechanisms in Magnesium
(University of lllinois Urbana-Champaigni Principal Investigator: D. Trinkle )

C1.1SUMMARY
Atomistic simulations were utilized to develppedictive modelfor Mg alloy chemistries with increased
isotropic deformation and greater ducyilistemming from soligolution strengthenindn general,
solutes with large size mismatch with Mg (either undersized or oversized) are the most effective at
strengthening the individual deformation modes and lowering the plastic anisotropy ratios for improved
ductility. Specifcally, the rare earth solutes Gd, Tb, Dy, Nd, Ho, Er, Tm, Yb, and Sm are the most
promising for increasing the strength and ductility4@P Mg, with the solutes listed here in decreasing
order of effectiveness. Other solutes, Y, Sc, Pb, Ca, Ag, BifTl.iZGa, Al, and Cd, maglsoincrease
strength and ductility aiCP Mg, with the solutes listed here in decreasing order of effectivehlease
elements would benefit the alloy formability only if they possess sufficient solubility in Mg. Accordingly,
solubility analysis was extended to eight ternary Mg alloy sysiditiging the COST507 database.
Solubility limits for Mg-Al-Cu, Mg-Al-Li, Mg-Al-Mn, Mg-Al-Si, Mg-Al-Zn, Mg-Cu-Si, Mg-Cu-Y, and
Mg-Cu-Zn were determined by scanning the temperatorapositon space to determine the maximum
solubility of each solute in thdCP phase of Mg. Since large solutes are the most effective strengtheners
in Mg, it is generally expected that in the most promising ternary alloys the smaller of the two solutes will
increase the solubility of the larger solute.the MgAI-Li system, Al increases the solubility of Li and
Li increases the solubility of Al. Adding a small amount of Li to-®gcan increase the yield stress of
the nonbasal deformation modes by up to 28#iile reducing the ratios of the ndmasal to basal yield
stresses by up to 10%. For the other seven ternary systems, the addition of a second solute either has a
negligible effect on the solubility of the second solute or reduces the solubility dependhgalloy.
Detailed discussion of work on this Task may be fourd Ul UCO s atf i nal report
https://data.lightmat.org/project

C1.2KEY ACCOMPLISHMENTS AND RESULTS

The approach to solute strengthening relied on Labtyghsolution modelDensityfunctional theory

(DFT) computed the interactions of selected solute specieswitltfiedge, p [ tension twinning

edge, andp mp tension twinning edge dislocatiomsMg. These direct interaction calculations were

then developed into approximate interaction models that combine geometric information from the
dislocation cores in pure Mg with solute size and chemical misfits. The computed interaction energies
parametdzed the Labusch models which predict the strengthening potencies of 63 different solute
species on these three different fim@sal plastic deformation modes. Ratios of the sdhdeced change

in nonbasal yield stresses to the soliutduced change ibasal yield stress were computed. Promising

solute candidates reduce these ratios at room temperature, thereby promoting dislocation slip on a larger
number of slip systems required for generalized plastic deformation.

C1.2.1Computational Methods

UIUC computed the strengthening potencies of 63 different substitutional solute speitiesdimnd
twinning edge dislocations in Mg using Labuggpe solid solution strengthening models. The inputs to
the strengthening models are dislocation coresiras and solutdislocation interaction energies,
computed with DFT, and dislocation line tensions, computed using a classical potential.

C1.2.2Solid-Sdution Strengthening M odels

Labuschtype weak pinning models gave the effects of solute concemirédimperature, and strain rate

on the critical resolved shear stress (CRSS) in the examined dislocation cores. These models are based on
previous work on solution strengthening of edge dislocations in Al and basal edge dislocations in Mg.
Model input waghe spatial distribution of soluiislocation interaction energies in and around the
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dislocation core}Y whw . UIUC optimized the dislocation and computed the interacfiénsho  of

different solute species. This involved direct substitutibsolutes into sites in the dislocation cores, and
also for 63 different solute species. The size misfit quantifies the mismatch in volume between a solute
and arHCP Mg atom, and the chemical misfits quantifies the interaction of a solute with stéalitsy

and twin boundaries in Mg.

C1.2.3Plane Wave DFT in the VASP Code
ThevAsp DFT cobE enabled first principles calculations of sokglislocation core energetics.

C1.2.4Dislocation Core Optimization using First Principles Calculations

Theéw chdislocation cores iffigureC1.1 were optimized using DFT with flexible boundary

conditions (FBC). The edge dislocation splits itio ¢ partial edge dislocations. The screw

dislocation also splits into partial dislocations but gets stuck in a local energy minimum where the partials
are close together. Thus, the screw dislocation geometry is annealed mgidifi@d embedded atom

method MIEAM) potentialwhich resulted in the proper dissociation of the perfect dislocatioriinto

GOI¢ partial screw dislocations before starting the DFT FBC optimization.

C1.2.5Twin Boundary Optimization

UIUC used DFT to optimize the geometries of thepp and p m¢ twin boundaries in pure Mg as the

first step in computing the interactions of solutes with these twin boundaries. The twin boundary
geometries shown in Figu@l2 mirror the atoms across the twin boundary planes represented by the
dashed lineand them removing any duplicated atoms in the boundaries. Solutes are substituted into the
sites labeled in the figure to directly compute setuti boundary interactions.

C1.2.6Solute-Dislocation | nteractions

Solutes that lower the difference in CRSS between basal adoasahdeformation modes to reduce
plastic anisotropy, improving ductility and roeemperature formability, need to be identified. There are
two approaches: (1) direct calculations or geométiteraction models parameterized with DFT data. (2)
geometric interaction energy models that combine geometric information from thefsedutislocation
geometry with solute size and chemical misfits.

C1.2.7Solutel nteractions with Twinning Edge Dislocations

Solutetwin boundary interactions are used to compute a chemical misfit epergy that shifts the

directly computed energies. The accuracy of the geometric model was validated by comparing predictions
to direct calculations for Ca solstén both twin cores.

C1.2.8Solutelnteractions with & FiDislocations
For solute interactions with tlies  ¢xidislocations Al, Ca, Mn, Sn, or Zn solutes produce small changes
in dislocation core structures. This can be captured using geometric models.

C1.2.9Solute Size Misfits
Volumetric size misfits for 63 substitutional solutes in Mg were computed usingairemisfit tensor

methodology. The strain misfit tengor is the derivative of solutenduced strairQ with respect to
solute concentratiotd. To determingé , a single Mg atom is replaced with a substitutional solute in an

HCP Mg supercell and then atomic posmons are relaxed while fixing supercell lattice vectors. The strain
i is computed from t he 0santthe DFE@Empued aastic compliancep ol e t en

tensor’Y of pure Mg.

C1.2.10Solutelnteractions with Twin Boundaries
Solutes interact with the dislocation core near the step as well as with the twin boundaries away from the
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step, and both types of interactions contribute to s@hateced changes in the CRSS for twinning
dislocaton motion. The interaction energy of a solut site¢ near a twin boundary was computed. All

eight sites shown in Figu@l2 for the p m¢ and p pp twin boundaries are computed. Atomic
relaxation is constrained so that atoms can only move perpesdicihe boundary.

(c+a) (c +a)
A
T
g
=
:
[2113] — [T010] —
0
[1012] - . '
FigureC1.1: Initial DFT supercell geometries for thid Adedge, A Adscrew, andp pp
compression twinning edge dislocationdi6PMg . T h e "igdicaes the iritial elastic center for

the dislocation geometries. The initédl Adperfect dislocations dissociate iifcéA  Adpartial

di sl ocations i ndi"symboks.dhddyAdistoeatiomgegneetnids are divided into
regions | (ble), Il (red), and Il (yellow) for subsequent relaxation using DFT laitice Green's
function(LGF)-based FBC.The twinning dislocation geometry is divided into a free region (blue), and a
fixed region (green) for subsequent relaxation using DFT.dBsbed red lines indicate the mp twin
boundary. Each supercell is subject to periodic boundary conditions along the threading direction which is
out of the page. Th#A Aiedge and screw dislocation slabs have thicknesses of 5.529 A and 6.087 A.
The prpp twinning dislocation slab has a thickness of 3.192Sburce: UIUC)

(1012) (1011)
— MO0 8 @ 0 ,-O0~+O ~ AO ~,OZ0% 0% ® . 0-CO0Y020~0
= 00O Q00 N 0~ %0 Y0-0~0
g <3OOOoQ®g@i®%ogo%oooOO 5 3950°0%:2¢e2080.°6°629
= QO S (1011) -

FigureC12: Supercell geometries of the relaxgdp¢ and p pp twin boundaries in Mg(Source:
UIUC)
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C1.2.11 Dislocation Core Structures from First-Principles Calculations
Thetw edge and screw perfect dislocations dissociatepiitow cxdipartial dislocations separated
by a pyramidal 2 stacking fault. Figugd .3 shows the dislocation geometries visualized using a

combination of atomic positions and Nye tensor distions.
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FigureC13: Core structures of th#\ Afiedge and screw dislocations optimized using DFT with4L.GF
based FBC. The edge core is visualized using thedge component of the Nye tensor distributions,
and the screw core is visualized usingthe screw component. The dislocations dissociate piftiA
Adpartial edge or screw dislocations separated by a pyramidal 2 stackin¢Sautte: UIUC)

C1.2.12Solutelnteractions with the Pyramidal 2 Stacking Fault

The interaction of a solufewith the stacking fault region between the partial corésof X

dislocations is determined by the local slip ené@gy computed from the core geometry and the

pyramidal 2 stable stacking fault enefgy, and t he sol § th eThepyrantidalai c a | mi s f
chemical misfits for Al, Ca, Cs, Ir, K, La, Li, Mn, Na, Os, Pr, Rb, Sn, Sr, Y, and Zn solutes were

computedn all three layers. The volumetric size misfitsof these solutes range fronp®& for Os to

p& (dor Cs, and the chemical misfits for all three layers are described with second order polynomial in

T . However, for solutes with large sthe solutedislocation interactions are dominated by the

volumetric strain contributions, and the slip energy contributions have a negligible effect on the

strengthening potency predictions. $égureC1.4.

C1.2.13 Solute Twin Boundary | nteractions

The computed interactions of 18 solute species withghgp and p pg twin boundaries showed that
the interactions scale with the solute volumetric size misfdcale a§YE | T I h

where we treat andf as empiricafitting parameters for each site typeThese scaling relations are

used to predict the interactions of 45 other solute species with the twin boundaries. Chemical misfits for
the twinning dislocations are givenhigure C1.5

C1.2.14 Solute Sze andChemical Misfits

UIUC computed the volumetric size misfits of 63 different substitutional solute species in Mg using

the strain misfit tensor approach. The misfit tensor method for computing volumetric size misfits is a
robust approach that is alsomputationally efficient, since a single calculation is needed for each solute
where only atomic coordinates are relaxed.

C1.2.15 Solute-Dislocation I nteractions from Direct First-Principles Calculations

UIUC validated the approximate geometric modetsstdutedislocation interactions fop pp

twinning edge dislocations and fab c¢Xiedge dislocations by comparing the interactions for Ca solutes
with direct interaction calculationg-igureC1.6shows the agreement between the geometric and direct
energy values for each dislocation. The geometric models were used to generate the interactions at all the
core sites for input to the Labusch models.
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C1.2.16Solid-Solution Strengthening Predictions for I ndividual Deformation M odes
Accurate strengtheninge., increase iCRSS of thep m¢ twinning dislocatioh predictions for any
substitutional solute species can be made froms

¢ TioTA & .
wt - . - A
' Yonm+prn | @FpmnO
where"Yis the temperature ar@is the strain rateThe ®lutei nduc e d gfdr@doit)e i n U
compression twinningndcc + atedge dislocationalso varies quadratically with the volumetric size
misfit, and may also be on the order of tens or hundrEl#Pa per at.% solute. Note that the quadratic
dependence means that both undersize and oversize solutes cause strengthening.

H volumetric size misfit, €} He
HET s
L1 | Be -1.71 0 1.71 B C | N|O F | Ne
0.17 [~ 0.72
Na | Mg Al | S1 P S Cl | Ar
033 0.34 [-0.55
Ca | Sc | Th Ga | Ge | As | Se | Br | Kr
0.73 | 0.08 |-0.38 0.34 [-0.38 |-0.37

Y | Zr
0.55 |-0.06
Hf
0.11

In [Sn |Sb | Te | I | Xe
5| o004 | 006|011

Tl [Pb | Bi [Po | At [Rn

51018 | 0.31 | 0.39

(La | Ce | Pr (Nd|Pm|Sm|Eu|Gd|Th [Dy|Ho | Er | Tm | Yb | Lu
" o098 | 092 | 084 | 078 | 0.73 | 0.69 [ 0.94 | 0.61 | 057 | 0.54 [ 051 | 048 | 046 | 0.73

H pyramidal 2 chemical misfit, ﬁf,zl He
| |

Li | Be -1.10 0 1.10 B|lC | N|O|[F |Ne

0.03 | 0.00

Na | Mg Al | St | P S [ Cl| Ar

0.09 0.04 | 0.03

K|Ca | Sc|Ti |V |Cr|Mn|[Fe|Co|Nt |[Cu|Zn|Ga|Ge| As [ Se | Br | Kr

0,55 |-0.27|-0.02 | 0.04 | 0.01 | 003 | 0.03 |-0.02|-0.11]|-0.07]| 0.00 | 0.03 | 0.04 | 0.04 | 0.04

St | Y | Zr [Nb |[Mo| Tc |Ru|Rh | Pd [Ag |Cd| In |Sn | Sb [Te [ I | Xe
~0.58 -0.18 | 0.01 | 0.03 [-0.03[-0.09(-0.14|-0.13(-0.04] 0.03 | 0.02 |-0.01|-0.01|-0.02

Ht |Ta | W |[Re |Os | Ir | Pt [Au|Hg | Tl |Pb | B1 | Po [ At | Rn

0.02 | 0.03 0.03|-0.121-0.19|-0.19[-0.11 | 0.00 | 0.03 0.04]-0.08|-0.11

.| La|Ce|Pr|Nd|[Pm|Sm|Eu|Gd|Tb |Dy |Ho | Er |Tm | Yb | Lu
0.43|-0.39|-0.34|-0.31|-0.28|-0.25|-0.40|-0.21|-0.19|-0.18| -0.16| ~0.15| ~0.14 | -0.28

FigureC1.4 Size and stacking fault (chemical) misfits across the periodic {&@uarce: UIUC)

C1.2.17Strength and Ductility Predictions for Mg Alloys

In general, solutes with moderate size misfit values have a favorable combination of solubility and
strengthening potency to potentially improve both the strength and ductility of Mg allbgsare earth
solutes Gd, ThDy, Nd, Ho, Er, Tm, and Yb show the greatest potential for strengthening the individual
deformation modes, as well as for improving the plastic anisotropy of Mg by reducing the ratios of non
basal to basal yield stresses. The solutes Y, Sc, Pb, and&ahghgreatest potential for improving the
mechanical properties out of the a@re earth elements, approaching the improvements from the rare
earths. It should be noted that the solubilities of Sc, Tl, Li, and Al are large, which may result in less
accuate quantitative strength predictions compared to elements with lower solubilities, since the
strengthening models do not account for the effects of setltde interactions on the motion of the
dislocation cores.
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Figure C1.5 Chemical misfit energy for tension and compression taamess the periodic table

H TT1 chemical misfit energy, AB,,, (meV) He
|
Li | Be | —-135 0 135 B|C|N|O|F |Ne
11 |-10.6
Na | Mg Al St | P [ S | Cl|Ar
8.6 0 4.4
K | Ca|Sc|Ti| V|[Cr|Mn|Fe |Co|Ni|[Cu|Zn|Ga|Ge | As | Se | Br | Kr
650 299| 13 | 05 |-91]|-25|-47|-162[340[262]126| 16| 01 [-05] 05
Y | Zr |[Nb|Mo| Te |Ru [Rh [Pd [Ag |Cd | In | Sn | Sb | Te | T | Xe
189| 06 |33 |-175 301|401 371] 205(-31| 11 [-06|-00] 10
. |Hf | Ta | W |Re [Os | Ir | Pt | Au |Hg [ Tl |Pb | B1 | Po | At | Rn
" |10 | 40| 186|363 489 480 336( 107| 08 | 36 | 77| 111
.|La [Ce|Pr [Nd|Pm|Sm|Eu |Gd|Tb |Dy |Ho | Er | Tm | Yb | Lu
" 49.6|-44.3| -384|-33.8|-302|-27.3[-464( 221|-202| 184|168 154 14.1|-304
H CT1 chemical misfit energy, AB%.,, (meV) He
[
Li | Be —40 0 40 B|C|N|O|F |Ne
03 |20
Na | Mg Al St | P [ S | Cl|Ar
2.4 0 12
K |Ca|Sc | Ti| V|[Cr|Mn|[Fe |Co|Ni|[Cu|Zn|Ga|Ge | As | Se | Br | Kr
178 82| 03| -01|-25]|-07| 13| 44| 93] 72| 34| 0400 | 01| 01
St | Y | Zr |[Nb|Mo| Te |[Ru[Rh[Pd|[Ag |Cd | In |Sn | Sb | Te | I | Xe
189 52| 02 |09 47| 85| 110|101 56| 09|03 | 02| 03| 05
. |Hf | Ta | W |Re [Os | Ir | Pt | Au |Hg [ Tl |Pb | B1 | Po | At | Rn
T lo3 | 1151|909 133|133] 92 29 023 | 10| 21| 30
.|La [Ce|Pr [Nd|Pm|Sm|Eu |Gd|Tb |Dy |Ho | Er | Tm | Yb | Lu
Tle13s|1za|10s| 92| 82| 75| 127] 6o | 55| 50| 46| 42| 39| 83

(Source: UIUC)
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FigureC1.6 Local volumetric straifh and slip energ9  distributions in théA Adedge dislocation

core (sorted by strain). The figures on thedaow the distributions for the pure Mg dislocation core and
label 24 different sites in the core for direct solute substitution. The bar charts on the right show there are
minimal changes in the distributions after substituting solutes at the sitesdare(Source: UIUC)
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C1.3CONCLUSIONS AND RECOMMENDATIONS

Strengthening predictions show that solutes with large positive or large negative size misfits are most
effective at increasing the yield stress of the different deformation modes. However, these solutes
generally have low solubilities IHCP Mg so their @erall effectiveness at improving the mechanical
properties of Mg alloys is limited. Solutes with small size misfits can have large solubilii€PiMg,

but their strengthening potencies amall,so they are also ineffective. The most favorable coatitirs

of strengthening potency and solubility for improving the strength and ductility of Mg alloys via solid
solution strengtheningre obtained with rare earth elements such as Gd, Tb, Dy, and Nd. Several non
rare earth elements, includiiyg Sc, Pb, ad Ca are also promising alloying additions in Miylulti-
component alloys can offer additional benefits over simple binary alloys.

C1.3.1Contribution to the State-of-Art
The UIUC work has contributed in a variety of ways:
1. Development of predictive models of solute chemistry on deformation in magnesium;
2. Suggested routes for alloy chemistry of magnesium alloys with improved formability;
3. Increased computationally efficient routes to map out the solute energy landscaperfaii@gh
systems.

Methodologies developed to efficiently and accurately predict sdefect interactions from a smaller
subset of calculations can be extended to other alloy systems in the future. The dppomalsiming
accurate defect geometry cdlions, solute misfits, and parameterized interaction madagsmits the
identification of chemical trends as well as the determination of energy landscapes with a fraction of
computational effort needed for direct calculations. While elements ofpghis@ch have been used in the
past, this is the first application for so many deformation modes and the majority of the periodic table.

C1.3.2Technological Gaps

There are two issues to be tackieduture studies(1) more complex interaction modelsda(2) lack of
thermodynamic data. In addition to developing new predictive strength models for combined solute
chemistries, additional thermodynamic data is crucial. The approach developed here for considering
binary alloys works in part because thera large amount of binary phase diagram data available from
which maximum solubilities can be extracted. However, when considering whether two solutes might

promote higher sdoolpuibnigdi teyf fdeucet ,t ot hae rfiec oi s taa | ac k
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C2. Alloy 3 Design and Development
(University of Florida T Principal Investigator: M. Manuel)

C2.1SUMMARY

A strong basal texture developed in magnesium sheet during rolling and recrystallization limits its
formability. Select rareearth(RE) alloying additions such aserium (Ce) and neodymium (Nd) have
been shown to enhance formability via texture modification when rolling is performed at certain
temperature and strain rate conditions. A kechanism identifiefbr texture modification islynamic
strain aging (DSA), a diffusicnontrolled process causing an increase in work hardening rate and
negative strain rate sensitivity, relating to ghening and unpinning of dislocations by solutes. Shear
band nucleation, observed under conditionsliich DSA occurs, has beesportedto be responsible for
texture weakening in dilute M&E alloys. Cdcium (Ca) a lowcost substitigfor RE elements, with
similar atomic size to Gdas the potential to cause DSA and themalogify texture in MgCa alloys. Ca
was also identified as a favorable alloying addition based on density functional theory calculations.

The sole addition of Ca to théMg matrix did not howeveryesult in significant texture changes after
deformation undeDSA at 2@°C. Nonetheless, the absence of-fgpge texture in Mgd.35Ca may be
attributed to the absence of dynamic recrystallization which is considered necessary for the formation of
the REtexture component in extrusions of NdgpCa (wt.%) binary allay 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. However, no significant texture changes were observed
between samples of M@ 35Ca0.5Zn compressed under DSA and i2BA conditions. Additions of
0.5wt.% Zn to Mg0.35Careducedhe recrystallization textuliatensitysignificantly by ~49%after
compression under DSA and by ~54&8ter compression under n@BA conditions, watequenching,

and then static recrystallizatios\ higher aea fraction (~ 12% more) of recrystallized grains with weak
(RE-type) texture was observed after static recrystallization cDN3§Ca0.5Zn previously deformed

under DSA, in contrast with the sample deformed undeiDf8f conditions. Combinations of botiCa

and Zn in solution reduce Mg basal texture intensity after deformation and static recrystallization and
enhance formability when processed inside the DSA regibe¢ailed discussion dhe U Wwavksnay

be found athttps://data.lightmat.org/project/

C2.2KEY ACCOMPLISHMENTS AND RESULTS

C2.2.1Experimental Methods and Procedures

All of the alloys in this research program were cast from elemental sources using a resistancafarnace
glovebox with a higkpurity argon atmosphereMelting was performed at 750°C in a Bidated

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 200g(g) with dimension82 x 20 x 84mm, and

60 g with dimensions 45 x 16 x 48 mm. A#stingsvere sectioned and encapsulated in a Pyrex tube
sealed under vacuum for subsequent homogenization or annealing tretihosved by water

guenching.All testing methods followed ASTM E99 for compressiotesting of machined ¢ydrical
samplesneasuring 16 mm in diameter and 24 mm in height.

C2.2.2Results
The key out c o me s ondéveldpiredtof bmarypaedrternarg Mgtakoys are summarized
in the sectionbelow.

Alloy Selection
Thermodynamic calculations were performed using ThermoCalthardsociated TCMG4 database to
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identify solid solution composition limits-igureC21a illustrates the maximum solubility of Ca in Mg
as a function of temperatur&igureC21b illustrates the effect of Zn additions on a-M§5Ca, wt.%
alloy. TableC2.1 shows the nominal and measured compositions of the alloys used in this research
progam. After casting, ingots were homogenized#&°Cfor 50 h.
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FigureC2.1: (a) Maximum amount of Ca in solid solution as a function of temperature in Mg, and (b)
phase diagram of M@.35 wt.% Ca as a function of Zn compositi(®ource: UF)

TableC2.1: Nominal and measured compositiqag.%) using ICROES of selected alloys.

Nominal Compositions | Measured Compositions
Alloy Ca Zn Mg | Ca Zn Mg
Mg-0.1Ca 0.10 - Bal. | 0.07£0.00 |- Bal.
Mg-0.35Ca 0.35 - Bal. | 0.34+0.00 | - Bal.
Mg-0.1Ca0.5Zn 0.10 0.50 Bal. | 0.08+0.01 | 0.43+0.03 Bal.
Mg-0.35Ca0.5Zn 0.35 0.50 Bal. | 0.34+0.00 | 0.45+0.01 Bal.

Microstructural Characterization

FigureC22 showsXRD patterrs from homogenized M@a and MgCaZn alloysshowed only the
characteristic peaks @tMg. No peaks corresponding to Mp secondary phase were detected
However,scanning electron microscop$EM) with energy dispersive spectroscq@bS) showed
evidence of MgCa phase within grain boundaries with no secondary particles observed in ghe Mg
matrix for all compositions (as shownkigureC2.3). TableC22 summarizes the average Ma
particle size of homogenized alloys. Five particles were measured for @amidation.

C2.2.3Temperature and Strain-Dependent Mechanical Behavior

FigureC24 shows the stress versus strain curves df@égbinary and MigCa Zn ternary alloys
compressed at 25 at strain rates of ) 102, and 16/s. Serrations, enacroscopic manifestation of
DSA, were observed at 208nd 250C at 1G/sin alloys of higher Ca compositione., Mg 0.35Ca and
Mgi 0.35Ca 0.5Zn. However, no serrations were observed on samples compressedaai3@Q d/s.
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FigureC22: XRD data obtained from homogenized (475°C /50 h)ildg and M@Ca-Zn alloys
(Source: UF)

FigureC2.3: Secondary electron images of homogenized alloys (a, ¢, e, and g) showing the distribution
of the second phase, and (b, d, f, and h) EDS spectrum of the second phase indicating tha@é.is Mg
(Source: UF)

TableC22: Average MgCa particle sizén homogenizedlloys

Composition (wt.%) | Average MgCa Particle size (um)
Mg-0.1Ca 0.33 £ 0.06
Mg-0.35Ca 2.39+0.7
Mg-0.1Ca0.5Zn 1.45+0.2
Mg-0.35Ca0.5Zn 1.64 £ 0.50

Strain Rate Sensitivity (SRS)of Flow Stress

DSA is commonly observed under conditions at which the SRS is neg&®& was calculated for all
compositions using the 0.2% offset flow strédg-0.1Ca and M¢).1Ca0.5Zn were characterized by
positive values of SRS, thus indicating the lack of DSéuodng at those test conditions as shown in
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