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Disclaimer

This report was prepared as an account of work sponsored by an agency of the United States government.
Neither the United States government nor any agency thereof, nor any of their employees, makes any warranty,
express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process disclosed or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States government or any agency thereof. The views and opinions
of authors expressed herein do not necessarily state or reflect those of the United States government or any

agency thereof.
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Acronyms and Abbreviations

symbols
B phase

2T
3D
3T
4130

5055-C
5xxx
BXXX

TXXX

AHr)(
Q-m

o phase

€LS

um

us
HA

GuTsS

GOys

All

In Mg-Al alloy, Mgi7Al12, the main precipitate and reinforced phase
two thickness

three-dimensional

three thickness

grade of steel with alloying elements of chromium and molybdenum, often informally
referred to as chromoly steel, with an excellent strength to weight ratio and
considerably stronger and harder than standard 1020 steel, but not easily welded
(requiring thermal treatment both before after welding to avoid cold cracking)

a non-corrosive, low viscosity, ultraviolet/visible light curing silicone adhesive
series designation of Al alloyed with Mg

series designation for Al alloyed with Mg and Si
series designation for Al alloyed with Zn
incoherent precipitates

coherent precipitates

change in heat of reaction

ohm-meter

yarn angle (when referring to fabrics)

strain

lattice strain

wavelength

micron

micrometer

microsecond

microampere or microfarad

inter-yarn angle or fiber misalignment angle
tensile stress (or strength)

ultimate tensile strength

yield strength

amplitude

designation for tool steel with high carbon and vanadium composition having good
wear resistance, toughness and strength for cold work tooling applications

Aluminum Association

Acronyms iii
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AA2014

AA3003

AA5082

AA5754

AAG005

AA6022

AA6061

AA6111

AAT7055

AAT7075

AAT7085

Abaqus
ACEM
AFS
AHSS
AlSI

Al

Al 3003
Al 6013

Al:Cu0
Al,O3
alumina
AM

a copper-based wrought Al alloy with very high strength together with excellent
machining characteristics in the 2000 series containing 4.40% Cu, 0.80% Si and
0.50% Mg

aluminum alloy with moderate strength, which and be increased by cold working, and
good corrosion resistance

aluminum alloy with quantities of magnesium to cause substantial lowering of the
melting point without producing brittleness and is moderate-to-high strength non-heat
treatable with very good weldability, good corrosion resistance

wrought aluminum alloy containing 94.2 to 97.4% Al, 0.3% max Cr, 0.1% max Cu,
0.4% max Fe, 2.6 to 3.6% Mg, 0.5% max Mn, 0.4% max Si, 0.15% max Ti, 0.2%
max Zn and 0.15% max residuals formed by rolling, extrusion, and forging, but not
casting that can be cold worked to produce tempers with a higher strength but a lower
ductility

an alloy in the wrought aluminum-magnesium-silicon family commonly heat treated
to produce tempers with a higher strength at the expense of ductility

heat treatable low copper precipitation hardenable Al sheet alloy containing 0.8 to
1.5% Si and 0.45 to 0.70% Mg

precipitation hardening Al alloy containing 0.8 to 1.2% Mg and 0.4 to 0.8% Si as its
major alloying elements

wrought alloy that is a heat treatable and possesses high strength and excellent
stretch-forming characteristics

aluminum alloy used in the aerospace sector and other high strength requirement
areas

aluminum alloy with strength comparable to many steels, good fatigue strength, and
average machinability

an aerospace grade Al alloy containing 7.15% Al, 1.75% Mg, 1.45% Cu, 0.12% Zr,
0.06% Fe, and 0.02% Si.

software suite for finite element analysis and computer-aided engineering
aberration corrected electron microscope

American Foundry Society

advanced high-strength steel

American Iron and Steel Institute

aluminum

alloy in the wrought Al-Mn family (3000 or 3xxx series)

weldable high strength 6XXX series alloy exhibiting 7XXX strength levels in the
T6 temper

aluminum: copper (1) oxide
alumina
aluminum-based protective oxides

Mg alloy designation with Al and Mn as principal alloying metals

iv Acronyms



AM50
AMG60
AMO
AMP
ANL
ANR
ANSYS

ARB
Arconic
ASPPRC
ASTM
at.%
ATT72
ATS
Aural 2
Autodesk

AWD
AZ31B

AZ91

BASF
BEI
BES
BIW
BM
BM+D
BMW

BP
BSE
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Mg alloy 5.0% Al and less than 0.5% Mn

Mg alloy 5.6 to 6.5% Al and less than 0.25% Mn
Advanced Manufacturing Office

Advanced Manufacturing Program

Argonne National Laboratory

ammonia to NOy ratio

specialists in finite element analysis, computational fluid dynamics, electronics,
semiconductors, embedded software and design optimization

accumulative roll-bonding

company specializing in lightweight metals engineering and manufacturing
Advanced Steel Processing and Products Research Center

American Society for Testing and Materials International

atomic percent

magnesium alloy comprised of 7% Al and 2% Sn

aftertreatment system

aluminum alloy used for thin wall structural components

Autodesk, Inc.—a multinational software corporation that makes software for the
architecture, engineering, construction, manufacturing, media, and entertainment
industries

all-wheel drive

most widely available Mg grade alloy, high strength to weight ratio with 2.5 to 3.5%
Aland 0.7 to 1.3% Zn

Mg alloy with 9 weight percent Al and 1 weight percent Zn

boron

largest chemical company in the world
backscattered electric images

Basic Energy Sciences

body-in-white

ball milled

ball milled with diluent added

Bayerische Motoren Werke AG; a German luxury automobile, motorcycle, and
engine manufacturing company

budget period

backscattered electron
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c
C

Ca

CAD

CAE
CAFE
CALPHAD
CAMECA

CATIA
CCT
Ce
CEC
CETP
CF
CFD
CFR
CFRP
CFTF
Cal

Chomarat

chromia

cm?

CNMS

CcO

CO,
CompuTherm

Cosma

CPEC
CPM® 10V®

Cr
CRADA

carbon

calcium

computer-aided design
computer-aided engineering
Corporate Average Fuel Economy
CALculation of PHAse Diagrams

supplier of microanalytical and metrology instrumentation for research and process
control in end markets that include semiconductor, nanotechology, biology,
environment, geology, nuclear and material sciences

computer aided three-dimensional interactive application
cyclic corrosion testing

cerium

cyclic extrusion-compression
corrosion evaluation test procedure
carbon fiber

computational fluid dynamics
Code of Federal Regulations
carbon fiber reinforced polymer
Carbon Fiber Technology Facility
compacted graphite iron

international, privately-owned, textile group producing textile and plastic coatings,
textile finishing, and special reinforcement materials

chromium-based protective oxides

square centimeter

Center for Nanophase Materials Sciences

carbon monoxide

carbon dioxide

University of Wisconsin-Madison spin-off company

Cosma International (an operating unit of Magna International) provides a
comprehensive range of body, chassis and engineering solutions to original
equipment manufacturers

close proximity electromagnetic carbonization

tool steel made by the Crucible Particle Metallurgy process with optimized vanadium
content to provide superior wear resistance while maintaining toughness and
fabrication characteristics (AISI A1l)

chromium

Cooperative Research and Development Agreement

vi Acronyms



C-RTM
CSP
CTE
CTS
Cu
CUDA
Cuv

D
d

D

DAR
DCB
DEF
DIC
DICTRA

Digimat®
DIW
DOC
DOE
DoE

Dow
DowAksa

DP
DP1180

DP590

DP980
DPF

DR
DRIFTS
DS

DSC
DSpace
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continuous (or compression) resin transfer molding
Continental Structural Plastics

coefficient of thermal expansion

cross-tension strength

copper

Compute Unified Device Architecture

crossover utility vehicle

yarn width (when referring to fabric)
deuterium

double acetone rubs

double cantilever beam

diesel exhaust fluid

digital image correlation

Diffusion-Controlled TRAnsformations in multicomponent systems, a software
diffusion module within Thermo-Calc for accurate simulation of diffusion-controlled
reactions in multicomponent alloy systems

nonlinear multi-scale material and structure modeling platform by MSC Software
door in white

diesel oxidation catalyst

U.S. Department of Energy

design of experiments (when referring to experimental procedures)

Dow Chemical Company

large-scale, full-service, fully integrated provider of carbon fiber solutions for
industrial applications

dual-phase

high-ductility, dual-phase, ultra-high-strength steel with an ultimate tensile strength
greater than or equal 1180 MPa

advanced high-strength formable steel for inner body side, inner quarter panel, rear
rails, and rear shock reinforcements

dual-phase steel consisting of a ferrite matrix containing a hard second phase
total denier (linear mass density of fibers) per quantity of uniform filaments
diffuse reflectance

diffuse reflectance infrared Fourier transform spectroscopy

door sag

differential scanning calorimetry

open source, turnkey, online repository application

Acronyms vii
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DTA differential thermal analysis
E
e.g. abbreviation meaning “for example”
E717 high formability magnesium sheet by Magnesium Elektron North America
EBSD electron backscatter diffraction
ECAP equal channel angular pressing
E-coat electrophoretic coating
EDAX energy dispersive analysis x-ray
EDS energy dispersive spectroscopy
EDXS energy dispersive x-ray spectroscope
EELS electron energy loss
EERE Office of Energy Efficiency and Renewable Energy
EGR exhaust gas recirculation
EL electrode life
Eng. abbreviation for engineering
EP equilibrium partitioning
EPA Environmental Protection Agency
EPDM ethylene propylene diene monomer
EPMA electron probe microanalysis
EPRI Electric Power Research Institute
EPSC Elasto-Plastic Self-Consistent
Equi. equivalent
ESC externally solidified crystal
ESE[T] eccentrically loaded single edge notch tension
ESI Engineered Solutions, Inc. Group
ESTECO an independent technology provider with software solutions aimed at perfecting the
simulation-driven design process
et al. abbreviation meaning “and others”
F
F fluorine
FBJ friction bit joining
FCA Fiat Chrysler Automobile, U.S., LLC
FDS flow-drill screw
Fe iron
FE finite element
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FEA

FEM

FIB

FLD
FMVSS
FOA
Ford-HPDC
Ford-SPMC
FSLW

FSN

FSS

FSSJ

FSSW

FSW

ft

FTIR

FTP

of

GHG

GM
GMW14872

GMW-15282

finite element analysis

finite element method

focused ion beam

forming limit diagram

Federal Motor Vehicle Safety Standards
funding opportunity announcement
Ford High-Pressure Die Cast

Ford Semi-Permanent Mold Cast
friction stir lap welding

filter smoke number

friction stir scribe

friction stir scribe joining

friction stir spot welding

friction stir welding

foot or feet

Fourier Transform Infrared

federal test procedure

fiscal year

volume fraction

maximum volume fraction

room temperature volume fraction

gram(s)

gram(s) per cubic centimeter

storage modulus (when referring to rheology)

gadolinium
generation
grams-force
greenhouse gas

General Motors
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an accelerated laboratory corrosion test method to evaluate assemblies and

components and provides a combination of cyclic conditions (salt solution, various
temperatures, humidity and ambient environment)

standard developed for corrosion/undercutting scribe creepback

Acronyms



Materials

GMW15356

G-NAC
Go/No-Go
GP

GPa

GPU

horhr

H

H

H/D

H13

Ha

H.O
HAADF-STEM
HAZ

HBM

HC
HCF

HD

HDF

HE

HER
HEXRD
HPC
HPC4Mfg
HPDC
HP-RTM
HR-STEM
HRA
HRC

HSA
HSLA

a sheet metal rating scale developed by GM to allow comparison between vehicles
and consistency between personnel for rating corrosion, which involves subjective
perception of an objectionable surface

GTEKT North American Corporation

determination to proceed with or abandon a plan or project
Guinier-Preston

gigapascals

Graphics Processing Unit

hour(s)

hydrogen (when referring to the element)

latent heat

ratio of hydrogen to deuterium

versatile chromium-molybdenum steel for hot and cold work tooling applications
molecular hydrogen

the chemical symbol for water

high-angle annular dark field-scanning transmission electron microscope
heat-affected zone

company providing sensors, transducers, strain gauges, amplifiers, data acquisition
systems, and software for structural durability investigations, tests, and analysis

hydrocarbons

high-cycle fatigue

heavy-duty

hierarchical data format

hydrogen embrittlement

hole-expansion ratio

high energy x-ray diffraction

high-performance computing

high-performance computing for manufacturing
high-pressure die casting

high-pressure resin transfer molding
high-resolution scanning transmission electron microscope
Honda R&D Americas

Hardness, Rockwell, C-scale—a scale that expresses hardness of a material as an
arbitrary dimensionless number

high-strength aluminum (Al) alloy
high-strength low-alloy

X Acronyms



HT
HTC
HyperMesh

ICME
ICNIRP
ICSD

ICWE

ID

IEEE

IM

IMC

in situ
INFUCOMP

INS
IPS
1SO 2808:2007

J
JAC270C

JAC980
JMAK

K
K

kA
Kevlar®
kg

kJ

kN

kpsi
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high temperatures
high-temperature carbonization

multi-disciplinary finite element pre-processor with advanced model assembly tools

five-door urban electric vehicle

coupe with an advanced plug-in hybrid drivetrain
inter-critical annealing

integrated computational materials engineering
International Commission on Non-lonizing Radiation Protection
inorganic crystal structures database

integrated computational welding engineering
identification

Institute of Electrical and Electronics Engineers
intermetallic

intermetallic compound

onsite or in place

simulation-based software for industrial manufacture of large-infusion composite
parts

inelastic neutron scattering
initial plastic strain

standard by the International Organization of Standards that describes various
methods that are applicable to the measurement of the thickness of coatings applied to
a substrate for determining wet-film thickness, dry-film thickness and the film
thickness of uncured powder layers

commercial quality galvannealed steel
multi-phase galvannealed steel

Johnson-Mehl-Avrami-Kolmogorov

potassium

kiloampere

registered trademark for a para-aramid synthetic fiber
kilogram

kilojoules

kilonewtons

kilopound per square inch

Acronyms Xi
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Ksi or ksi
KUKA

L
L&L Products

LabVIEW
Ib

LBNL
LBS100
LCCF
LCF

LDH
LEAP
LFT

Li

LIN

LLC
LSDC
LS-DYNA
LSF

LSTC

LSW theory
LT

LTC
LT-SCR

M
MAGMASOFT®

Magna
Mag-tec

MAT_COMPRF or
MAT_293

MATLAB

MDA

kilopound per square inch

KUKA Robotics Corporation—Chinese-owned German manufacturer of industrial

robots and solutions for factory automation

technology driven business-to-business company with unique expertise in static
sealing, acoustics, vibration reduction, structural reinforcements, and composite
components

Laboratory Virtual Instrument Engineering Workbench
pound(s)

Lawrence Berkeley National Laboratory

value for 100 Ib of weight reduction in crash models
low-cost carbon fiber

long carbon fiber

limiting dome height

local electrode atom probe

long fiber-reinforced thermoplastic

lithium

local interconnected network

Limited Liability Company

liquid-solid diffusion couple

advanced, general-purpose, multi-physics simulation software package

Load Sharing Facility - a workload management platform and job scheduler for
distributed high performance computing

Livermore Software Technology Corporation
Lifshitz, Slyozov, and Wagner theory

light truck

low-temperature carbonization

low temperature selective catalytic reduction

modular simulation software for casting process simulation
Magna International Inc.

company offering full service die casting in Mg, Al, and Zn

software in LS-DYNA for woven pattern prepreg composite preforming simulation

MATTrix LABoratory, a multi-paradigm numerical computing environment and
programming language

molecular dynamic analysis
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MDO

MDS

MEF

MeV

Mg
Mg(OH),
MgH:

MGI

MgO
Micromill™

mil or mils

min

ml/sec

mm

mm/min

MMHF

Mn

MOBFE3
modeFRONTIER®

MPa

mpg

mph

MRD

MRI
MSC-Simufact

MSI or Msi
MTS
MY

N
N

Nano-Al
NASTRAN
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multidisciplinary design optimization
multiscale design system

mobility enhancement factor

million electron volts

magnesium

magnesium hydroxide

magnesium hydride

Materials Genome Initiative

magnesium oxide

Alcoa-patented process for changing the microstructure of the metal and producing an

Al alloy that has 40% greater formability and 30% greater strength
unit of length equal to one thousandth (10-%) of an inch

minute(s)

milliliters per second

millimeters

millimeters/minute

MicroMill™ high form

manganese

TCS Steels/Fe-Alloys Mobility Database, Version 3

software for streamlining the design process with workflows, innovative algorithms,
and sophisticated post-processing tools

megapascals

miles per gallon

miles per hour

Moldflow Rotational Diffusion
Major Research Instrumentation

software to simulate complex welding processes that may involve multiple welding
sequences and to predict distortions of the components, while considering phase
transformations occurring during the process

million pounds per square inch
MTS Systems Corporation

model year

newtons
nanostructured aluminum

multidisciplinary structural analysis application for performing static, dynamic, and
thermal analysis across the linear and nonlinear domains

Acronyms
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NCF
nCode
Nd
NETL
NH3
NH4NO3
NHTSA
Ni
NIST
nm

Nm
NOx
NSC
NSLS
NU
NVH

o
OEM

OLCF
OptiStruct

ORNL
OSHA

OSuU
OVERWTO00

P
Pas

PAM
DISTORTION

PAM-FORM

PAM-RTM
PAN

PanPrecipitation

non-crimped fabric

engineering data analysis tool with special concentration in fatigue and durability
neodymium

National Energy Technology Laboratory
ammonia

ammonia nitrate

National Highway Traffic Safety Administration
nickel

National Institute of Standards and Technology
nanometers

newton metre

nitrogen oxides (NO and NOy)

NOy storage converter

National Synchrotron Light Source
Northwestern University

noise, vibration, and harshness

original equipment manufacturer
Oak Ridge Leadership Computing Facility

structural analysis solver for linear and nonlinear problems under static and dynamic
loadings supplied by Altair

Oak Ridge National Laboratory
Occupational Safety and Health Administration
The Ohio State University

value for mass reduction in heavier-than-average cars

pascal-second (unit of viscosity)

software package for prediction of manufacturing-induced residual stresses and shape
distortion of composites parts

software program enabling realistic and predictive simulation of dry textiles or
prepregs forming processes

pluggable authentication module-resin transfer molding
polyacrylonitrile

module in the Pandat™ software simulating precipitation kinetics during heat
treatment process

Xiv Acronyms



PBS-Pro

PCBN

PCE

PCP

Pd

PD

PDV

PGM

Pl
PlastiComp

PM
PNNL
PP

PP

PPG

ppm
PRISMS
ProCAST

Pt
PTFE
PVD

Qol
QT

R&D
RA
RAVF
RCS
RE
Redox
RFL
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Portable Batch System, Professional Edition™ - workload manager software designed
to improve productivity, optimize utilization and efficiency, and simplify
administration for high performance computing clusters, clouds and supercomputers

polycrystalline cubic boron nitride
polynomial chaos expansion

peak cylinder pressure

palladium

plunge depth

photonic doppler velocimeter
platinum-group minerals

principal investigator

supplier of stronger, tougher, and lighter benefits of long fiber reinforcement
technology

particulate matter

Pacific Northwest National Laboratory

polypropylene (when referring to polymers)

pararequilibrium partitioning (when referring to metallurgical processes)
Pittsburgh Plate Glass

parts per million

PRedictive Integrated Structural Materials Science

simulation software for predicting distortions and residual stresses and more specific
processes like semi-solid, core blowing, centrifugal, lost foam and continuous casting

platinum
polytetrafluoroethylene

physical vapor deposition (used in vapor phase processing)

quantities of interest

QuesTek Innovations, LLC

research and development
retained austenite

retained austenite volume fraction
robot controller software
rare-earth

reduction-oxidation

random fatigue limit

Acronyms XV
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Rh
RIVTAC®

RMX

RPM or rpm
RSC

RSR

RSW

RT

RTM

RVE
R4-3GA
R4-6GA

S
S

SAE
SAERTEX
SAS

SAXS

SCA

SCC

Scheil Model

SCR
SDAS
SECO
SEM
SEM-EDAX
ShAPE™
Si

SIMS
SINCAP
SKP
SKPFM

rhodium

a high-speed process supplied by Bollhoff for joining aluminum, steel, plastics and
non-ferrous metals as well as for mixed joints, multilayer joints and hybrid joints of
these materials

RMX Technologies, an advanced materials technology company with ceramics and
various commercialized products

revolution(s) per minute

reduced strain closure

resistance spot rivet

resistance spot weld

room temperature

resin transfer molding

Representative Volume Element

designation for a rivet 4mm in length and 3 gauge (0.2294-inch diameter)

designation for a rivet 4mm in length and 6 gauge (0.1620-inch diameter)

yarn spacing (when referring to fabric weave)
Society of Automotive Engineers
a multi-axial warp knit carbon fiber fabric

originally “statistical analysis system”; herein, the name of a company that provides
software for statistical analyses

small angle x-ray scatter
self-consistent clustering analysis
stress corrosion cracking

model for describing the microsegregation present in primary phase dendritic growth
and directional solidification

selective catalytic reduction

secondary dendrite arm spacing

Scientific Equipment Company

scanning electron microscopy

scanning electron microscopy and energy dispersive spectroscopy
shear-assisted processing and extrusion

silicon

secondary ion mass spectrometry

Side Impact New Car Assessment Program

scanning Kelvin probe

scanning Kelvin probe force microscopy
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SLME
SLTNR
SMC
Sn

SNS
SPR

Sr

SR
SSDC
STEM
STEM-EDS
SvDC

T
T4

TS

T6

TCFE8
TEM

Tq

TGA

Th
Thermo-Calc
Ti

Ti:2B

TiB:

TiC

TiO2

TMD
TMK-3012

TOF
TP
TPI
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self-learning metabasin escape

sustained low temperature NOy reduction
sheet molding compound

tin

spallation neutron source

self-pierce rivet

strontium

sash rigidity

solid-solid diffusion couple

scanning transmission electron microscope
scanning transmission electron microscope-energy-dispersive X-ray spectroscopy

super vacuum die casting

temperatures

temper designation for a solution heat-treated material used for castings which require
high strength and maximum toughness

temper designation for material cooled from hot working and artificially aged (at
elevated temperature)

temper designation for solution heat-treated and artificially aged alloy
TCS Steels/Fe-Alloys Database, Version 8.0
transmission electron microscope (or microscopy)
glass transition temperature

thermogravimetric analysis

holding temperature

software package for thermodynamic

titanium

a mixture of one part titanium and two parts boron
titanium boride

titanium carbide

titania

theoretical maximum density

tungsten carbide tool material supplied by TechMet Carbides, Inc. with a combination
of high hardness, high strength and wear resistance

time-of-flight
thermoplastic

TPI Composites, Inc.

Acronyms xvii
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TRIP
TRL
TSS
TWB
TWC

ub
UD-CCM
UHS

UHSS

ULSD

UM
UNDRWTOO0

Usibor®

UTS
uv

\'
\Y

VASP
VCCD
Vs
VFAW
VFT

vis
VISION

Viz
VMT
VrWeld

VS
VTO
VUMAT

transformation-induced plasticity
technology readiness level
tensile shear strength
tailor-welded blanks

three-way catalyst

unidirectional

University of Delaware Center for Composite Materials
ultra-high strength

Ultra High-Strength Steel

ultra-low sulfur diesel

University of Michigan-Dearborn

value for mass reduction in lighter-than-average cars

a hardenable boron alloyed steel coated with Al-Si coating used in automotive
components when high strength is required

ultimate tensile strength

ultraviolet

volt

Vienna Ab initio Simulation Package
virtual cast component development
volume fraction

vaporizing foil actuator welding
virtual fabrication technology

visible spectroscopy

highest resolution broadband inelastic neutron scattering spectrometer in the world
designed to study the vibrational dynamics of atoms in molecules and solids and by
combining a series of diffraction banks, their structure

synonym for “namely,” “that is to say,” and “as follows”
vehicle mile(s) of travel

software by Goldak Technologies used to simulate the transient 3D temperature field,
the evolution of microstructure in low alloy steel welds, transient 3D displacement,
stress and strain in the structure being welded

versus
Vehicle Technologies Office

vectorized user material — a subroutine to define material behavior in Abaqus/Explicit
software

xviii Acronyms



w
W/g

WARP3D

Wi

W-C-Co
WE43

WHO

WPI

WSS M2G575

wit%

X
XPS

XRD
XTALIUM™

YS

ZEK100 (ZE10A)
ZK60

Zn

Zr

ZrH;
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watts per gram (heat flow)

software used for the investigation of fracture in metals include a robust finite strain
formulation, a general J-integral computation facility (with inertia, thermal, face
loading), interaction integrals for computation of linear-elastic fracture parameters
(stress intensity factors and T-stress), very general element extinction and node
release facilities to model crack growth, nonlinear material models including
viscoplastic and cyclic, cohesive elements and cohesive constitutive models,
hydrogen effects on plasticity, Norton creep, and the Gurson-Tvergaard dilatant
plasticity model for void growth

surface structure value for appearance from 0.3-1 mm
tungsten-carbon-cobalt (type of tool steel)

high strength casting alloy used in temperatures of up to 300°C (572°F)
World Health Organization

Worcester Polytechnic Institute

material specification by Ford specifying material that is a pumpable, one component,
thermal curing, weldable epoxy resin base and a structural adhesive for steel with
bondline spacers for bonding metal in hem applications

percent by weight

x-ray photoelectron spectroscopy
x-ray diffractometer

aluminum-based nanostructured alloys for coating metals to add strength, corrosion
and scratch resistance to other lightweight materials and for forming discrete articles
via electrodeposition and electroforming

yttrium
yield strength

novel magnesium alloy with reduced content of rare-earth metals

magnesium wrought alloy consisting of primary matrix o (Mg) and the eutectic
zinc

zirconium

zirconium(I1) hydride

Acronyms Xix
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Executive Summary

The Materials Technology subprogram supports the Vehicle Technology Office’s mission to help consumers
and businesses reduce their transportation energy costs while meeting or exceeding vehicle performance
expectations. The Propulsion Materials research portfolio seeks to develop higher performance materials that
can withstand increasingly extreme environments and address the future properties needs of a variety of high
efficiency powertrain types, sizes, fueling concepts, and combustion modes. Advanced Lightweight Materials
research enables improvements in fuel economy by providing properties that are equal to or better than
traditional materials at a lower weight. Because it takes less energy to accelerate a lighter object, replacing cast
iron and traditional steel components with lightweight materials such as high-strength steel, magnesium (Mg),
aluminum (Al), and polymer composites can directly reduce a vehicle’s fuel consumption. Materials
technology activities focus on the following cost and performance targets: (1) enable a 25 percent weight
reduction for light-duty vehicles including body, chassis, and interior as compared to a 2012 baseline at no
more than a $5/Ib-saved increase in cost; and (2) validate a 25 percent improvement in high temperature
(300°C) component strength relative to components made with 2010 baseline cast Al alloys (A319 or A356)
for improved efficiency light-duty engines.

Propulsion Materials

In fiscal year (FY) 2017, the Propulsion Materials portfolio included research in three main areas: (1) use of
integrated computational materials engineering (ICME) to predict materials properties needed to achieve
increases in brake thermal efficiency for heavy duty vehicles; (2) development of advanced cast aluminum
alloys for high-temperature engine components; and (3) development of catalyst materials for energy recovery
and aftertreatment.

Heavy-duty (HD) internal combustion engines for use in the transportation sector are operating at increasingly
high peak cylinder pressure (PCP) to achieve required increases in brake thermal efficiency. One project in the
propulsion materials portfolio is using ICME to estimate combustion intensity and heat transfer and to evaluate
the thermo-mechanical effects on materials. In this way, it is possible to identify properties requirements of
materials suitable to withstand a lifetime of operation at the elevated temperatures and pressures in future
higher-efficiency HD engines.

To increase engine efficiency in light-duty vehicles, the maximum operating temperature of engine
components has increased from approximately 170°C in earlier engines to peak temperatures well above
200°C in current engines. This increase in operational temperatures requires a material with optimized
properties in terms of tensile, creep, and fatigue strength. Several projects focus on developing advanced cast
Al alloys for automotive engine applications to meet these challenging requirements. Another potential
approach to achieving improved combustion engine efficiency and specific power is by retaining more heat in
the exhaust gas to recover in a turbocharger. However, higher exhaust gas temperatures increase the
operational temperature requirements of structural components in the exhaust gas path, particularly the exhaust
valves. Identifying a structural engine material with adequate high-temperature mechanical properties and
oxidation resistance to enable the projected engine operating parameters without exceeding the cost constraints
is the focus of another Propulsion Materials project in this report.

Finally, the goal of several projects in the Propulsion Materials portfolio is to develop and test new catalysts
for gasoline and diesel engines at lower operating temperatures that may occur with future, more efficient
vehicles. Specifically, the goal is to achieve conversion efficiencies of 90% at temperatures as low as 150°C.
This will enable the deployment of lean combustion powertrains with significantly increased fuel efficiencies,
but lower exhaust temperatures. In addition, current aftertreatment technologies, such as exhaust gas
recirculation (EGR), are being studied in order to provide information to industry about the properties of
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deposit buildup so as to enable improved models and potential design improvements to reduce fouling and its
impact on the performance of EGR coolers.

Lightweight Materials

In FY2017, the Lightweight Materials portfolio included research in the following three areas: (1) improving
the manufacturability of light metals, such as advanced high strength steel (AHSS), Al, and Mg; (2) reducing
the cost of carbon fibers and creating ICME models for the manufacturing of carbon fiber composites; and
(3) developing novel joining methods to enable multi-material systems.

Substitution of light metals for mild steel can result in weight savings of 25-60% per component, which
increases fuel efficiency. However, there are several challenges to the increased use of light metals including
material cost, room temperature formability, and limitations within the existing manufacturing infrastructure.
During cold-stamping of AHSS parts, the most commonly observed failure mode is edge-splitting, and the
sheared-edge stretchability appears to depend on a complex combination of factors. One light metals project is
working to enhance the sheared-edge stretchability of AHSS by developing quantitative and predictive
understanding of the microstructure effects on sheared-edge fracture and stretchability, hence enabling
implementation of AHSS in vehicle structures. Two projects are pursuing unique pathways to develop a high
strength 7xxx series Al alloy and demonstrate its ability to replace an ultra-high strength automotive
component at a cost of less than $2 per pound saved. Addressing the affordability of high-strength Al will
accelerate their adoption in the automotive market. Similarly, the use of high-performance Mg alloys in the
automotive industry is currently limited due to the addition of costly rare-earth (RE) elements and the slow rate
of the manufacturing components. One project in this report aims to eliminate the need for RE additives, while
simultaneously improving the processing rate and energy efficiency to manufacture Mg components.

Carbon fiber reinforced polymer (CFRP) composites also have the potential to reduce component weight by
more than 60%. One of the main barriers to widespread implementation is the high cost of carbon fiber, which
is due in large part to the cost of input material (precursor) and the carbonization process. One project is
addressing this challenge by developing higher throughput, low-temperature carbonization of carbon fiber,
thus lowering manufacturing costs and increasing production rates. Another challenge that the Lightweight
Materials subprogram is addressing is the lack of predictive modeling available, which is necessary to
accelerate development to deployment of CFRP automotive components. Two projects are creating ICME
models in order to predict the manufacturing and structural performance of carbon fiber (CF) composites.
Material design and manufacturing process information, such as geometric dimension, fiber layout, and fiber
orientation, are inputs for multiscale models to generate local material constitutive relations used in following
noise, vibration, harshness, crash safety, and durability analyses. The integrated tools are being applied to
component design and optimization, demonstrating that the ICME approach generates powerful tools for the
most efficient usage of CFRP, leading to optimized weight savings with minimum cost increase.

The most effective way to reduce the overall weight of a vehicle is to tailor the material selection to each
component’s needs. However, joining dissimilar materials to create a multi-material structure is a significant
challenge. Several projects in this area investigate the use of friction-based solid state welding processes to join
Al to steel, Al to CF reinforced composites, as well as dissimilar Al alloy combinations. Solid-state welding
allows for joining materials with vastly different melting temperatures, which is not possible with fusion
welding. Two projects incorporate fasteners into welding processes, both solid-state and fusion, in order to
provide a strong spot joint comparable to resistance spot welds in steel to steel joints. Research in this portfolio
also includes adhesives that address concerns with the coefficient of thermal expansion mismatch seen in
dissimilar material joints, as well as a novel joining process being developed based on impact welding.
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Vehicle Technologies Office Overview

Vehicles move our nation. Vehicles transport more than $36 billion worth of goods each day* and move people
more than 3 trillion vehicle-miles each year.? Growing our national economy requires transportation and
transportation requires energy. The average U.S. household spends nearly one-fifth of its total family
expenditures on transportation,® making transportation the most expensive spending category after housing.
The transportation sector accounts for 70% of U.S. petroleum use. The United States imports 25% of the
petroleum consumed — sending more than $10 billon per month* overseas for crude oil.

To strengthen national security, enable future economic growth, and increase transportation energy efficiency,
the Vehicle Technologies Office (VTO) funds early-stage, high-risk research on innovative vehicle and
transportation technologies. VTO leverages the unique capabilities and world-class expertise of the national
laboratory system to develop innovations in electrification, advanced combustion engines and fuels, advanced
materials, and energy efficient mobility systems.

VTO is uniquely positioned to address early-stage challenges due to strategic public-private research
partnerships with industry (e.g. U.S. DRIVE, 21st Century Truck Partnership). These partnerships leverage
relevant expertise to prevent duplication of effort, focus DOE research on critical research and development
(R&D) barriers, and accelerate progress. VTO focuses on research that industry does not have the technical
capability to undertake on its own, usually due to a high degree of scientific or technical uncertainty, or it is
too far from market realization to merit industry resources. VTO’s research generates knowledge that industry
can advance to deploy innovative energy technologies to support affordable, secure, and efficient
transportation systems across America.
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Materials

Materials Program Overview

Introduction

The Materials Technology subprogram supports vehicle lightweighting and improved propulsion (powertrain)
efficiency through early-stage R&D to increase understanding of novel materials and to enable industry to
develop and deploy more fuel efficient light- and heavy-duty vehicles. The research focus is on activities that
have a high degree of scientific or technical uncertainty, or that are too far from market realization to merit
sufficient industry focus and critical mass. The Materials Technology subprogram accomplishes its technical
objectives through research programs with academia, national laboratories, and industry.

The Propulsion Materials portfolio is closely aligned with other VTO subprograms to identify critical materials
needs for next generation high-efficiency powertrains for both light- and heavy-duty vehicles. Strategies for
achieving high-efficiency powertrains include improved powertrain thermal efficiency, increased power
density resulting from lightweighting, and petroleum displacement through fuel substitution strategies. In

FY 2017, the Propulsion Materials portfolio included research in three main areas: (1) use of ICME to predict
materials properties needed to achieve increases in brake thermal efficiency for HD vehicles; (2) development
of advanced cast Al alloys for high-temperature engine components; and (3) development of catalyst materials
for energy recovery and aftertreatment.

The Lightweight Materials team works closely with industry through the USDRIVE partnership to understand
both light- and heavy-duty vehicle structural weight reduction goals and to identify technical challenges that
prevent the deployment of lightweight materials. The most promising and likely approach for lightweighting is
a multi-material approach that focuses on the use of the right material for the application. The Lightweight
Materials research portfolio addresses significant technology gaps for each family of structural materials: Mg,
advanced high-strength steel, Al, and CF composites. In addition, there is a growing focus on dissimilar
material joining in order to enable the reliable assembly of these multi-material systems.

Goals

The Materials Technology subprogram supports the VTO’s mission to help consumers and businesses reduce
their transportation energy costs while meeting or exceeding vehicle performance expectations. Lighter
vehicles with more efficient engines reduce fuel use and save consumers money. The structural and powertrain
systems that we target to improve are limited by materials performance. By improving the properties of
powertrain and structural materials, we can enable a significant improvement in fuel economy for future
vehicles. Increasing the strength and oxidation resistance of high-temperature materials will enable new
combustion strategies while improving properties in structural materials such as stiffness, strength, join-ability,
and crash energy absorption—all with lower cost, and will accelerate the deployment of lightweight materials
in the automotive market.

The specific performance and cost targets for the Materials Technology subprogram are:

o Validate a 25 percent improvement in high-temperature (300°C) component strength relative to
components made with 2010 baseline cast Al alloys (A319 or A356) for improved efficiency light-duty
engines.

e Enable a 25 percent weight reduction for light-duty vehicles including body, chassis, and interior as
compared to a 2012 baseline at no more than a $5/Ib-saved increase in cost.
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State of the Art

Automakers are seeking to improve fuel economy while maintaining or improving vehicle performance and
safety. Reducing the weight of a vehicle’s structure improves fuel economy and reduces the strain on a
vehicle’s powertrain, allowing for further fuel savings. For structural components, the market is shifting from
traditional steel components to lighter weight materials such as advanced high-strength steels, Al alloys, Mg
alloys, and CF composites. Lighter structures allow for downsizing engines and increasing power density,
which requires lightweight materials with low-density, high-strength, and high-stiffness at elevated
temperatures.

In order to meet property requirements in increasingly severe combustion environments, new cast Al alloys are
needed. This is due, in part, to inadequate thermal performance, as well as very high PCPs in advanced engine
applications. As engine thermal efficiency improves, the temperature experienced by downstream exhaust
components is decreased. This leads to a need for low-temperature catalyst development in order to maintain
effective reduction of tailpipe emissions. Moreover, inadequate databases, modeling, and design tools are
significant barriers for further development of new materials. By evaluating existing computational tools,
identifying gaps that must be overcome to achieve seamless integration across multiple-length scales, and
increasing understanding of the basic behavior of the material (e.g., effects of solute at the atomistic level,
microstructural development, microstructure/property relationships, fracture and failure mechanisms,
durability, temperature dependent behavior, etc.), more accurate design tools and predictive models can be
established. High-quality, consistent, and accessible databases are needed to support this development.

Advanced high-strength steel is the most mature lightweight material in terms of widespread use in industry
due to its compatibility with existing manufacturing infrastructure and vehicle materials. Application of third
generation high-strength steel has the potential to reduce component weight by up to 25%, particularly in
strength-limited designs. However, technical challenges remain to achieve room temperature formability,
improved weldability, and reliable and accurate predictive performance models. Al continues to see steady
growth in market share in the automotive industry despite issues with material cost, room temperature
formability, and limitations within the existing manufacturing infrastructure. This is due to the 40% weight
savings that can be achieved with Al along with the well-established domestic supply chain. Mg has the
potential to significantly reduce vehicle component weight by 55% or greater; however, there are several
significant technical barriers preventing the increased use of this material in vehicle designs. Mg has high raw
material costs and price volatility, relatively low specific stiffness, difficulty in forming sheets at low
temperatures, low ductility of finished components, and a limited alloy set, among other challenges. CF
composites have the potential to reduce component weight by more than 60%. The main barriers to widespread
CF use are the high cost to manufacture the CF, lack of high volume composite manufacturing methods, and a
need for reliable predictive tools for both part design and performance prediction.

When combinations of the above lightweight materials are used, the resulting multi-material structures have
challenges of their own. Traditional joining methods used in automotive assembly, such as resistance spot
welding and riveting, are inefficient for joining of dissimilar metals and for some combinations, infeasible. In
the near term, friction-stir scribe welding and resistance spot riveting are showing promising advances for
joining of advanced high-strength steel and Al (e.g., the more mature lightweight metals). An additional
challenge posed by multi-material structures is the increased risk of corrosion due to galvanic coupling. As
barriers to the introduction of Mg and CF are overcome, breakthroughs in joining technology will also be
necessary.
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Program Organization Matrix
The Materials Technology subprogram is led by Program Manager, Felix Wu:

o Lightweight Materials consists of three research portfolios:

o0 Light Metals (open position) includes research on property improvement and processing advances
for advanced high-strength steel, Al, and Mg.

o0 Carbon Fiber Composites (Carol Schutte) includes research on low-cost production of CF and
predictive performance models of CF composites.

o0 Joining of Dissimilar Materials (Sarah Kleinbaum) includes research on solid-state and mechanical
joining methods, as well as galvanic corrosion mitigation.

o Propulsion Materials consists of two research portfolios:

0 High Temperature Materials (Jerry Gibbs) includes research on the material characteristics that
influence temperature dependent behavior, as well as alloy development.

0 Materials for Aftertreatment and Emissions Control (Jerry Gibbs) includes the development of new
catalyst materials that operate in a low-temperature environment.

All of the activities within the Materials Technology subprogram utilize computational methods for material
discovery, prediction of structure, understanding failure mechanisms, including corrosion and the effects of

processing on properties.
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.1 Integrated Computational Materials Engineering
.L1.A Development and Integration of Predictive Models for Manufacturing and Structural
Performance of Carbon Fiber Composites in Automotive Applications (General Motors)

Charles E.A. Finney, Principal Investigator

Fuels, Engines, and Emissions Research Center
National Transportation Research Center

2360 Cherahala Blvd.

Knoxville, TN 37932

Phone: 865-946-1243

E-mail: finneyc@ornl.gov

Jerry L. Gibbs, Technology Manager
E-mail: jerry.gibbs@ee.doe.gov

Start Date: October 1, 2014 End Date: September 30, 2018
Total Project Cost: $815,000 DOE share: $815,000 Non-DOE share: $0

Project Introduction

HD internal combustion engines for the transportation sector are operating at increasingly high PCP to achieve
required increases in brake thermal efficiency. Current operating ranges are 75-190 bar PCP, and the next
decade could see over 300 bar PCP. The current generation of engine structural materials, such as gray cast
iron, is widely considered inadequate for the projected elevated-pressure environment of future higher-
efficiency engines. Although candidate replacement materials, such as compacted graphite iron (CGl), are
being developed and evaluated for use in intermediate-term applications, a robust understanding of near-
cylinder stresses and temperatures, and the future materials properties necessary to enable desired engine
efficiency and power densities of future higher-PCP HD engines, is lacking.

Numerical simulations offer insight into the cylinder environment at such elevated operating cylinder pressures
and can help identify design needs and changes more comprehensively than can be identified experimentally.
The current practice of simulation can achieve low- or high-dimensional modeling of the combustion
environment or the cylinder/engine structure, but a fully coupled, high-dimensional computational fluid
dynamics - finite element analysis (CFD-FEA) simulation of combustion, heat transfer and consequential
material temperatures, and stresses is a fundamental development need.

Part of this limitation is the time and level of detail required to set up simulations. For FEA particularly, a
proper meshing of complex geometries for high-fidelity calculation of materials stresses with conjugate heat-
transfer can be very labor-intensive. However, with simplifications, a sufficient first-order estimate of future
required materials properties can be gauged with simulations. This project is employing an incremental process
for this problem, starting with the use of CFD results as inputs to FEA simulations of an actual production
scale HD diesel engine.
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Objectives

Study the effects of operating HD internal combustion engines at higher PCP to increase engine
thermodynamic efficiency.

Evaluate the performance of currently available materials at current and projected future PCP conditions.

Identify properties requirements of materials suitable to withstand a lifetime of operation at the elevated
temperatures and pressures in future higher-efficiency HD engines.

Approach

Use computational simulations to estimate combustion intensity and heat transfer (mapping local heat
fluxes) using CFD software and evaluate the thermo-mechanical effects on materials using finite element
method (FEM) software.

Focus on three conditions: 190 bar [1 bar = 105 Pa] (current baseline), 250 bar (current stretch), and
300 bar (projected future) PCP.

Experimentally measure relevant mechanical, thermal, and physical properties over a range of
temperatures for an intermediate-grade material (CGI-450) for use as the next generation material in the
models, including creep and fatigue loading in the higher temperature range.

Evaluate materials stresses, temperatures, and design safety factors with current materials and engine
design, with a focus on the cylinder head, valve faces, liner, and piston.

Use the established HD Federal certification cycle to estimate loading conditions over a lifetime of
operation where critical fatigue and creep would be expected based on measured properties.

Partner with two HD engine original equipment manufacturers (OEMSs) for material specimens and for
the design and operating data of baseline targets.

Results

Activity this year focused on two efforts: (1) continuation of experimental measurement of relevant
mechanical properties of an advanced, engine-grade material; and (2) numerical simulation of combustion at
different operating conditions. The materials properties will be used for numerical simulations of thermal and
mechanical stresses in the engine at the three PCP conditions. The combustion simulations will be used to
provide boundary conditions for FEM of the engine to evaluate suitability of materials for a lifetime of
commercial operation under different conditions.

In the previous year, an OEM partner supplied a sufficient quantity of one grade of CGI-450, where the
following properties were measured:

tensile strength

thermal diffusivity

coefficient of thermal expansion (CTE)
critical temperatures

specific heats

short-term creep.
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These measurements were obtained over a range of ambient temperatures, from room temperature up to
650-800°C. This temperature range greatly expanded the knowledge of CGI properties into temperature ranges
relevant to modern engine operation.

This year, short-term, step-load creep measurements were completed, while measurements of long-term creep
under isothermal, constant-loading were initiated. Such materials performance properties are important to
evaluate suitability for long-term operation of a lifetime of commercial engine operation. The results of one
isothermal, constant-load creep test are seen in Figure 1.1.A.1, where a creep rupture life was measured at
211 hours at 500°C and 20 ksi loading. More tests are planned once the range of operating environments is
defined.
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Figure I.1.A.1. Creep strain in CGI-450 specimen under isothermal constant loading.

In the CFD simulations of engine combustion, progress this year included the continuation of the tuning of
conjugate heat transfer and thermal boundary conditions. In consultation with a HD OEM, the baseline
operating target conditions were changed from earlier targets to match operating states more relevant to the
practical engine operation. Previous simulations had used static temperatures for the head, liner, valve-face,
and piston crown, but these temperatures are presently undetermined at the operating conditions in this study.
Advanced conjugate heat transfer simulations were employed to tune the combustion to achieve target engine
performance at the three PCPs of interest. The resulting temperature distributions and heat flux maps through
the cylinder walls give the most accurate estimates of temperatures and thermal stresses available and provide
high-fidelity inputs for the stress and fatigue models.

The thermal diffusivity of the material is expected to have a significant impact on heat flux from the cylinder
and on the resulting materials temperature, which in turns affects the suitability of the material to withstand the
mechanical stresses during engine operation. As seen in Figure 1.1.A.2, the thermal conductivities of the
current standard head material—gray cast iron, using publicly available data—and the advanced material—
CGI-450, using Oak Ridge National Laboratory (ORNL)-measured data—differ significantly over a wide
temperature range. These thermal-property differences affect materials temperatures over the engine cycle.
Although the CGI material has improved fatigue resistance over gray cast iron, the thermal response is less
ideal.
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Figure 1.1.A.2. Thermal conductivities of gray cast iron and CGI-450 over a range of temperatures.

Figure 1.1.A.3 shows the calculated materials temperature distributions, on a cycle-averaged basis, on the fire
side of the cylinder head and valves, comparing a gray cast iron and a CGI-450 cylinder head. Here, the bridge
between the exhaust valves experiences significantly higher temperatures (e.g., 50-75°C or more) with
CGI-450. This bridge area in the head is prone to cracking in current operation, so accurate evaluation of
stresses at more extreme operating points is a necessity. Simulations are being adapted to reflect current best

practices in conjugate heat transfer and combustion for an accurate calculation of cylinder heat fluxes for use
in pending materials stress and fatigue evaluations.

Figure .1.A.3. Head and valve temperature distributions using different head materials: gray cast iron (left) and CGlI (right).
Note the higher peak temperature at the valve bridge in the CGI material with lower thermal conductivity, as shown in
Figure I.1.A.2.
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Conclusions

An integrated experimental and computational approach shows promise for the virtual evaluation of materials
properties in the absence of an extensive experimental program; this approach also can provide guidance for
future materials research. The strategies employed in the project are evolving to reflect best practices to
provide the most confidence in simulated results.

Ongoing activities should include the following:

o Evaluate thermal and mechanical stresses in selected engine components at the three PCP conditions
using finite-element analysis.

o Identify properties needed for prospective materials to be suitable for future production environments.
o Develop a constitutive model for CGI-450 to assist in engine analysis and design.
o Extend this methodology to light-duty engine applications.

Key Publications

Finney, C. E. A., G. Muralidharan, J. A. Haynes, and S. Simunovic, 2017, “Future Engine Requirements,”
U.S. Department of Energy (DOE) Vehicle Technologies Office (VTO) Annual Merit Review, PM057.
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.2 High Temperature Engine Materials
.2.A ICME Guided Development of Advanced Cast Aluminum Alloys for Automotive Engine
Applications (Ford Motor Company)

Mei Li, Principal Investigator

Ford Motor Company

2101 Village Rd., RM 2014
Dearborn, Ml 18124
Phone: 313-206-4219

E-mail: mli9@ford.com

Jerry L. Gibbs, Technology Manager
E-mail: jerry.gibbs@ee.doe.gov

Start Date: February 1, 2013 End Date: August 31, 2018
Total Project Cost: $4,630,000 DOE share: $3,240,000 Non-DOE share: $1,390,000

Project Introduction

Recently legislated fuel economy standards require new United States (U.S.) passenger vehicles to achieve at
least 34.1 miles per gallon (mpg) on average by model year 2016 and 58 mpg by 2030, up from 28.8 mpg
today. Two major methods of achieving improved fuel economy in passenger vehicles are reducing the weight
of the vehicle and developing high-performance engines. To increase engine efficiency, however, the
maximum operation temperature of these components has increased from approximately 170°C in earlier
engines to peak temperatures well above 200°C in current engines. This increase in operational temperatures
requires a material with optimized properties in terms of tensile, creep, and fatigue strength. This program
focuses on developing advanced cast Al alloys for automotive engine applications to meet these challenging
requirements.

Several alloy compositions have been proposed in the past four years. Among them, Heat 17, which is
319-based (i.e., Al-silicon [Si]-copper [Cu]-magnesium [Mg] systems) with alloying of novel additions, shows
higher 300°C yield strength (YS) and ultimate tensile strength (UTS) than DOE targets, even after 100 hour
pre-exposure at testing temperature. In addition, this alloy has a large elevated temperature (e.g., 120°C)
endurance limit that includes more important properties for automotive engine applications. Based on Heat 17,
two different alloys were developed this year, which show a promising application in automotive engines. The
Ford Semi-Permanent Mold Cast (Ford-SPMC) alloys utilizing a three-stage heat treatment are applicable for
cylinder heads, while Ford High-Pressure Die Cast (Ford-HPDC) alloys with traditional T5 heat treatment is
applicable for the engine block. In this report, the mechanical properties—including the tensile properties and
endurance limits—of these two alloys will be presented to demonstrate their application prospects as an
automotive engine component. The ICME tools for the simulation of post-solidification precipitation and their
gaps will also be discussed.

Objectives
e To develop a new class of advanced, cost-competitive Al casting alloys providing a 25% improvement in
component strength relative to components made with A319 or A356 alloys using sand- and semi-
permanent casting processes for high-performance engine applications.

e To demonstrate the power of ICME tools for accelerating the development of new materials and
processing techniques, as well as to identify the gaps in ICME capabilities.
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e To develop comprehensive cost models to ensure that components manufactured with these new alloys
do not exceed 110% of the cost using incumbent alloys A319 or A356.

e To develop a technology transfer and commercialization plan for the development of these new alloys in
automotive engine applications.

Approach

o Start the alloy design process with a baseline alloy in line with 356/319 alloys with well quantified
properties.

o Evaluate the heat treatment response and strengthening effect of some heat resistance elements of
interest in simple model alloys, particularly at high temperatures (e.g., 300°C).

o With the aid of ICME tools, design and optimize the chemical composition and heat treatment process of
the baseline alloys with novel alloying additions.

o Demonstrate new alloys’ performance at both room and elevated temperature by a series of mechanical
tests, including YS, UTS, endurance limits, and so on.

o With the aid of ICME tools, develop a commercialization prototyping plan, and investigate the
performance of new alloys as automotive engine components by this prototyping plan.

Results

Two proposed alloys—Ford-SPMC and Ford-HPDC—and two benchmark alloys—AA319, which is the
baseline alloy of the proposed alloys, and AS7GU, which is a currently used alloy for high performance
automotive engines—are cast into torpedo shape. Heat-treatment for these torpedo samples are performed in a
fan-assisted resistance furnace, followed by quenching into water. The quasi-static tensile test results of these
alloys from room temperature to 300°C are summarized in Figure 1.2.A.1. As is shown in Figure 1.2.A.1.a,
300°C YS tests of these alloys exhibit a significant decrease after 100 hours of pre-exposure at this
temperature. It is obvious that YS of AA319-T7 after pre-exposure cannot meet DOE requirements, while YS
of Ford-SPMC with both T7 and three-stage heat treatment are still above the DOE target. The pre-exposure is
always necessary for elevated temperature mechanical tests. Figure 1.2.A.1.b and 1.2.A.1.d indicate that both
YS and UTS of the test alloys decrease with an increase in temperature. The decreasing of Ford-HPDC-T5,
however, is much slower than the other alloys. Although Ford-HPDC-T5 has the lowest YS and UTS at room
temperature, which is due to the lack of solution treatment in T5 heat treatment, its YS and UTS are higher
than the other alloys once the testing temperatures are above 250°C. At 300°C, YS and UTS of Ford-HPDC-
T5 exhibit a 30% increase, as compared to the other alloys.

It is well known that the strengthening precipitates of AA319 type alloys are mainly ©-Al2Cu forming during
artificial aging and they coarsen rapidly when exposed to 300°C. Two different morphologies of ©°-Al2Cu
precipitates, however, are observed in the transmission electron microscopy (TEM) imaging of Ford-HPDC-T5
after 300°C quasi-static tensile test, as shown in Figure 1.2.A.2. The precipitates circled by the red line have
already coarsened and do not provide any degree of strength, while the precipitates circled by the blue line are
still small and coherent with an Al-matrix. These coherent small ©°-Al2Cu precipitates result in the superior
300°C YS and UTS of Ford-HPDC-T5. According to the Langer-Schwartz model, several factors are possible
to slow down the precipitation kinetics of ©’-Al2Cu, such as the diffusivity of Cu in Al, interfacial energy and
strain energy between the ©’-Al2Cu and Al-matrix. It is believed that the alloying of novel additions can
prevent ©’-Al2Cu precipitates from coarsening through one of these factors. The investigation is on-going to
figure out how the novel additions affect the precipitation kinetics of ©’-Al2Cu. Finally, although the
Ford-HPDC-T5 has a superior YS and UTS above 250°C, this alloy is not applicable for cylinder head
application because the elongation for cylinder head alloys are required to be above 2% and the ductility of
Ford-HPDC-T5 cannot meet this requirement, as is shown in Figure 1.2.A.1.d. On the other hand, as the
candidate of cylinder head alloy, Ford-SPMC alloy’s elongation is above 2%.
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Figure 1.2.A.1. Graphical representation of quasi-static tensile test results of AA319-T7, AS7TGU-T64, Ford-SPMC-T7, and
Ford-SPMC-Three-Stage, and Ford-HPDC-T5 from room temperature to 300°C.

According to Figure 1.2.A.1, the improvement of both YS and UTS of Ford-SPMC with T7 and novel three-
stage heat treatment is limited, as compared to AA319. Although it is hard for YS of AA319-T7 to meet the
DOE requirement of 300°C, its YS and UTS are higher than that of Ford-SPMC at low temperatures. In the
most situations, however, the failure of automotive cylinder heads are typically dominated by fatigue crack
growth. As a result, the high-cycle fatigue (HCF) strength is a more important mechanical parameter than YS
and UTS for cylinder head alloys, especially at temperatures above 120°C. The HCF tests were performed on a
servo-hydraulic testing machine at 70 Hz. The stress ratio for all HCF tests is -1 and the criterion for HCF life
is the final fracture of the sample. The HCF data are processed by the random fatigue limit (RFL) model and
HCF strength predicted by this model is summarized in Table 1.2.A.1. First, although no improvement is
observed in room temperature HCF strength, the Ford-SPMC-three-stage has a much higher 120°C HCF
strength than AA319-T7 and Ford-SPMC-T7. This result indicates that elevated temperature HCF strength
benefits from novel additions only through the designed heat treatment. No enhancement is achieved through
the chemistry solely, since both AA319-T7 and Ford-SPMC-T7 have comparable HCF strength at 120°C.
Second, the enhanced HCF fatigue of Ford-SPMC-three-stage is maintained at least to 180°C. Thus, the Ford-
SPMC-three-stage has better elevated temperature HCF performance than AS7GU-T64, because HCF strength
of AS7GU drops from 83+11 megapascals (MPa) at 120°C to 62+6 MPa at 150°C. Finally, the Ford-HPDC-T5
also has excellent HCF strength at elevated temperatures. To the knowledge of the authors, the Ford-SPMC-
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three-stage and Ford-HPDC-T5 have the best HCF performance at elevated temperatures (>150°C) in all of the
Al alloys intended for engine applications.

To summarize, the proposed alloys—Ford-SPMC-three-stage and Ford-HPDC-T5—present significant
improvements on the elevated temperature HCF strength of currently available alloys for cylinder head and
engine block applications. Though this superior elevated-temperature performance is obtained at the expense
of reduced tensile strength at lower operating temperatures, the performance of the proposed alloys surpass
requirements at all temperatures. Comparisons to existing alloys, such as AS7GU-T64, and other heat
treatments, such as Ford-SPMC-T7, through the testing of the various mechanical properties, as well as
microstructural features, have established the unique features of this alloy system that lead to the dramatic
increase in performance.

Figure 1.2.A.2. Graphical representation of TEM imaging of Ford-HPDC-T5 showing lots of small and coherent ©’-Al2Cu
precipitates with plate shape are observed after 300 °C pre-exposure for 100 hours.

It has been proven that the Ford-SPMC-three-stage and Ford-HPDC-T5 alloys have superior mechanical
properties as torpedo-shape samples prepared at laboratory conditions. A prototyping plan is ongoing to
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demonstrate the mechanical properties reported above can be achieved as engine components. The Ford-SPMC
alloy is being prototyped into two different cylinder heads: 1.5L Dragon GTDI (Dragon) and 6.7L V8
Scorpion TDI 4V Diesel (Scorpion). Meanwhile, the Ford-HPDC alloy is being prepared by a high-pressure
die-cast method using 14-Bearing-Beam die to test the alloy’s performance under a high-pressure die-cast
condition. The testing samples will be sectioned from them and heat-treated with corresponding heat treatment.
Then, quasi-static tensile tests and endurance limit tests at different temperatures will be conducted on these
samples.

Table I.2.A.1. Endurance Limit of Test Alloys at Different Temperatures Calculated by RFL Model.

RT 120°C 150°C 180°C
AA319-T7 8816 MPa 6416 MPa < 64 MPa <<64 MPa
AS7GU-T64 8916 MPa 83+11 MPa 6216 MPa <62 MPa
Ford-SPMC-T7 N/A 68+17 MPa <68 MPa <<68 MPa
Ford-SPMC-Three-Stage N/A 91+12 MPa 91+12 MPa 92112 MPa
Ford-HPDC-T5 N/A N/A 977 MPa 98+9 MPa

ICME has been demonstrated to be quite efficient in the development of cast Al alloys. It is based on a series
of advanced materials models that bridge the many key dimensional scale from the atomistic level (~A) to the
microstructure level (~pm) and even to the component level (~m), as Figure 1.2.A.3 shows. It is well known
that the mechanical properties of these alloys are mainly determined by precipitates forming during artificial
aging. With the aid of some theories, like the phase-field model and the Langer-Schwartz model, the
precipitation behavior can be calculated. In the past four years, we have evaluated two commercial software
products—TC-PRISMA developed by Thermo-Calc and Pan-Precipitation developed by CompuTherm—on
their capability in simulating precipitation behavior. We have also worked with the developers to improve their
software.
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Figure 1.2.A.3. Graphical representation of the various linked models needed in ICME to predict the mechanical properties
of a precipitates-hardened alloy, starting from the system’s fundamental microstructure and materials properties.
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To evaluate the capability of TC-PRISMA and PanPrecipitation, the aging response of an Al-Si system with
alloying of novel additions at 400°C were experimentally studied by TEM at the University of Michigan and
small angle x-ray scatter (SAXS) at the University of Manchester. The results are shown as scatter symbols in
Figure 1.2.A.4. Then, the simulation with the same experimental condition, including alloy composition and
aging temperature, was performed using the software mentioned above. In addition to the thermodynamic and
mobility databases (i.e., TCAL4 and MOBAI3 for TC-PRISMA and PanAl2016 TH+MB for
PanPrecipitation), kinetic databases were also developed for this simulation. The common parameters in a
kinetic database include interfacial energy, strain energy, nucleation site parameters, and molar volume. In
addition to these common parameters, a mobility enhance parameter is used in the kinetic database because it
is found that the kinetics of novel additions containing precipitates in an Al-Si system are much faster than
those in a system without Si by the literature and our experimental data. In fact, this observation of different
precipitation kinetics should have been taken into account through the mobility database rather than the kinetic
database. Thus, a gap in precipitation simulation is presented here that a reliable thermodynamic and mobility
database should be developed, prior to precipitation simulation. As shown in Figure 1.2.A.4, the simulated
results (solid lines) with enhanced mobility show well agreement with the TEM and SAXS experiments
(scatter symbols). Thus, both TC-PRISMA and PanPrecipitation work well as ICME tools to predict the
precipitation behavior. It is noted that there is an unrealistic inflection locating at the aging duration of three
hours in the curve simulated by PanPrecipitation. This is due to numerical issues and the software developer is
trying to fix it. The next step is to use the software to predicate the precipitation behavior of 6’-Al2Cu with
plate morphology. Unfortunately, another gap is that both TC-PRISMA and PanPrecipitation cannot deal with
two-dimension morphology, since they are based on the Langer-Schwartz model, which is one dimensional.
We are working with the software developer to fill this gap now. In addition, the phase-field model is under
evaluation as an ICME tool to simulate the aging response of precipitates with complicated morphologies.
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Figure 1.2.A.4. Graphical representation of radius and number density of precipitates in Al-Si-TMs systems calculated by
TC-PRISMA (blue) and PanPrecipitation (red) compared with the experimental data from TEM and SAXS (scatter symbols).

Conclusions
Five conclusions are drawn as follows:

1. Two Al alloys—Ford-SPMC with a novel three-stage heat-treatment process and the Ford-HPDC with
a T5 heat treatment process—have been developed, which are applicable for cylinder head and engine
block application, respectively.

2. Ford-SPMC with both T7 and three-stage heat-treatment can meet the DOE requirement for 300°C
YS, while the baseline alloy, AA319, and current used cylinder head alloy, AS7GU, cannot meet this
requirement after 100 hours at pre-exposure. In addition, Ford-HPDC with T5 heat treatment shows
around a 30% increase in YS and UTS at 300°C, when compared to other alloys.
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150°C HCF strength of Ford-SPMC-three-stage and Ford-HPDC-T5 is above 90 MPa, which is much
higher than that of AS7GU. To the knowledge of the authors, these two alloys have the best HCF
performance at elevated temperatures (>150°C) in all the Al alloys intended for engine application.

A prototyping plan is on-going to test the mechanical properties of Ford-SPMC and Ford-HPDC as an
automotive engine component.
TC-PRISMA and PanPrecipitation are evaluated with TEM and SAXS experimental data in an Al-Si

system with alloying of novel addition. Although some gaps still exist, they have been proven to work
well, and the ICME tools predict positive precipitation behavior.

Key Publications
One patent filed.

One paper to be submitted to Scripta Materialia.

One paper to be submitted to Acta Materialia.
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Project Introduction

DOE’s Office of Energy Efficiency and Renewable Energy (EERE) is targeting a 25% lighter powertrain by
2025 and a 40% lighter powertrain by 2050. As a result, the engine power density will be increased
significantly. This will result in higher exhaust temperatures and a doubling of the cylinder peak pressures by
2050. To meet these requirements and achieve the stated goals, the properties of the state-of-the-art materials,
like cast aluminum alloys, must increase substantially. Today, methods such as the ICME and advanced
experimental analytical tools, such as the focused ion beam (FIB) microscope, high-resolution scanning
transmission electron microscope (HR-STEM), and local electrode atom probe (LEAP), are now available to
accelerate the timeframe usually required to develop new alloys. Combining ICME tools with expert
knowledge from the field and judicious experiments for verification and validation is the quickest and most
effective way to achieve the goals of developing a new high-temperature-capable Al alloy for cylinder head
production.

Objectives

The objective of this project is to develop an alloy capable of handling higher temperatures and pressures
experienced in smaller, more efficient engines with a material and production cost penalty of no more than
10% above current production alloys and methods. Room temperature tensile strength is to exceed current
baseline aluminum alloys by 25% and 300°C, while tensile strength is to exceed by 25% and 250°C. The
project will utilize state-of-the-art computational methods, analytical tools, and experimental validation to
assess the true capabilities of these methods and define gaps that should be filled in the future to accelerate
alloy development.
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Approach

This collaborative project between General Motors (GM), QuesTek Innovations LLC (QT), Northwestern
University (NU), Camanoe Associates, the American Foundry Society (AFS), and Dr. Fred Major will use
ICME tools, expert knowledge, and experimental validation to identify coarsening resistant precipitate
structures in the alloy to meet the high-temperature requirements. QT’s proprietary iCMD™ platform is a core
modeling software system that integrates proprietary and commercial mechanistic modeling tools to facilitate
rapid design and development of new materials. NU has advanced microstructure characterization equipment
and facilities such as TEM, atom probe, and differential scanning calorimetry (DSC), in addition to software
for phase property calculations, phase field modeling, and ICME methodologies and tools. As a world
manufacturer of automobiles, GM LLC has vast knowledge in the design and manufacture of engines and
cylinder heads. In addition to GM’s casting experience, the company utilizes many computational methods for
engine design and manufacture. GM’s Virtual Cast Component Development (VCCD) system interface with
commercial software, such as MagmaSoft, Flow-3D, ABAQUS, FE-safe, Pandat, iISIGHT, and UGNX to
integrate manufacturing processes with component design to produce reliable and high-quality cast structural
components with minimum lead-time and cost. AFS and Dr. Fred Major are long-time experts in casting
processing and Al alloys. Thus, the strong collaboration will utilize state-of-the-art ICME tools, such as first
principles calculations, computational thermodynamic and kinetic models, virtual casting modules, and
commercially available casting process simulation and structural and durability analysis software to design a
new, lightweight cast-alloy with ideal multi-scale microstructures and minimum tendency for casting defects to
achieve the desired high-temperature strength and fatigue performance requirements in complex castings.

Results

Mechanical Properties of Cylinder Heads Made of the Newly Developed Alloys

In 20186, the first head casting trial was carried out. Because of the extensive time required to carry out HCF
results, the samples became available in 2017. Analysis of these results became the focus of 2017. Yield
strength and plastic elongation results for the deckface and combustion chamber regions, where the highest
temperatures are seen, are plotted in Figure 1.2.B.1. Each data point represents the average of nine samples. All
of the alloys are based on Q-phase precipitation hardening. Alloy | is the baseline Q-phase alloy, while Alloy 2
increases the amount of Q-phase forming elements, as well as Si, manganese (Mn), and strontium (Sr). Alloy 3
consists of the Alloy 2 composition, plus specific minor elements that are slow diffusers, segregate to the
Q-phase, and have been shown to inhibit Q-phase growth. As observed in Figure 1.2.B.1, increasing the
amount of Q-phase and Si increases the overall strength of the alloys at all temperatures. However, at 300°C,
only the addition of the minor Q-phase stabilizing elements contributes to a significant improvement in
strength. In contrast to the benefit of improving yield strengths, the increased volume fraction of intermetallic
phases is partially responsible for the reduction of ductility. As with composite materials, increasing the
volume fraction of strengthening particles usually decreases ductility of the material. However, the loss in
ductility of Alloy 3 at 300°C appears anomalous and needs to be investigated further. Without this loss of
ductility, the strengths of this alloy at high temperatures could be improved further.

Scanning electron microscopy (SEM) images of fracture surfaces of the tensile specimens support the observed
mechanical behavior in the three alloys. Backscattered electric images (BEI) from tensile sample fracture
surfaces show an increase in intermetallic phases with the increased elements from Alloy 1 to Alloy 2 to

Alloy 3. Porosity is commonly known as the most important factor affecting the ductility and fatigue of cast Al
alloys. Pores are stress risers and act as crack initiators. Along with cracked Si and intermetallic particles,
porosity provides weak paths for crack propagation. In general, the area fraction of porosity observed on the
fracture surfaces can be more than ten times higher than the volumetric fraction of porosity in the bulk
material. Figure 1.2.B.2 shows the relationships between ductility and the area fraction of porosity observed on
the fracture surfaces of the tensile samples of the three alloys. In general, ductility decreases with the increase
of porosity observed on the fracture surfaces, particularly for Alloy 1 and Alloy 2. However, for Alloy 3,
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ductility appears independent of porosity and other microstructure characteristics, presumably the oxides and
intermetallic phases that dominate the effect of porosity on the loss of the ductility of Alloy 3.
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Figure 1.2.B.1. UTS and plastic elongation of the deckface and combustion chamber specimens of engine cylinder heads. All
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The size and volume fraction of porosity in Al castings is strongly related to melt treatment, casting process,
and alloy composition. For a given casting process and melting practice, a small variation of alloying elements
can play an important role in porosity as they affect castability of the material, including freezing range,
fluidity, feeding capability, hot tearing, etc. In comparison with Alloy 1, both Alloy 2 and Alloy 3 have a
higher area fraction of porosity. A similar increase in pore sizes is seen in both Alloy 2 and Alloy 3, as shown
in Figure 1.2.B.3.
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Figure 1.2.B.3. Gumbel distribution of the pore sizes of three alloys.

The improvement in tensile strength of Alloy 3 over Alloy 1 and Alloy 2 can be directly attributed to the size
and misorientation of Q-phase precipitates in the three alloys. The measurements of the Q-phase dimensions
are shown in Table 1.2.B.1. TEM images of the tree alloys preconditioned at 300°C for 100 hours are shown in
Figure 1.2.B.4. Further measurements are ongoing and the data will be used to improve the strength models.

Table 1.2.B.1. Q-Phase Precipitate Size Measured in Head Castings
Samples Conditioned for 100 Hours at Test Temperature.

Alloy 1 Alloy 2 Alloy 3
Temperature Length Radius Length Radius Length Radius
(°C) nm nm nm nm nm nm
200 148+ 50 164 + 54 141 + 51
250 449 + 184 358 + 129
300 67 + 23 55+ 16 26+ 11

20 Propulsion Materials



FY 2017 Annual Progress Report

Y 4“ .
' - M &
. . ‘L . .
G aF !.l w W= T
(©
Figure 1.2.B.4. TEM micrographs of cylinder head samples conditioned at 300°C for 100 hours (a) Alloy 1, (b) Alloy 2, and
(c) Alloy 3.
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Both high cycle (107 cycles) and low cycle (10* cycles) fatigue testing has been completed. A comparison of
HCF results for the deckface and combustion chamber areas among the three alloys is shown in Table 1.2.B.2.

Table 1.2.B.2. HCF (107 cycles) Results for Three Alloys in Combustion Chamber and Deckface Areas.

Temperature (°C) Alloy 1 HCF (MPa) Alloy 2 HCF (MPa) Alloy 3 HCF (MPa)
Room 65.5 58.5 90.3
150 63.6 59.7 67.2
250 48.7 51.2 52.7

SEM image analysis of fracture specimens from HCF samples reveal a distinct difference between the crack
initiation sites of Alloy 1 and Alloy 3. Alloy 1 initiation sites are dominated by microporosity, while Alloy 3
initiation sites are dominated by oxide inclusions. Thus, similar to tensile specimens, alloy chemistry, and
process conditions used to produce the third alloy resulted in fatigue failure more by oxides and inclusions.
Despite this fact, overall tensile and fatigue values of Alloy 3 exceeded the other alloys because of the
reduction in coarsening of the Q-phase precipitate.

A second casting trial on engine cylinder heads was carried out in 2017. The aim of this trial is to continue to
improve on the mechanical properties of the Q-phase alloy. Properties of these castings and subsequent
microstructural analysis will be carried out in 2018. Methods to improve on the processing of the coarsening
resistant alloy are being investigated.

Alloy Strength Model

A YS model that takes into account the base material strength, solid-solution strengthening, dislocation
strengthening, grain-size strengthening, and precipitation strengthening due to rod-shaped Q-phase and
plate-shaped © phase (at both peak-aged and over-aged conditions) and the effect of the Al-Si eutectic has
been developed. For solid-solution strengthening, two models have been implemented—empirical models and
the Feltham Trough model. The major contribution to strength was observed to be due to precipitation
strengthening. A rod-shaped strengthening model for Q-phase was developed, predicting both peak-aged and
over-aged strength of the alloy. The model was extended to include the strength contribution of plate-shaped
© phase for strength predictions in alloys containing dual-precipitation of the Q-phase and the © phase. Based
on the TEM results and the literature survey, it was assumed that Q-phase precipitates (like © phase) are not
shearable and strengthening contributions can be completely modeled by Orowan equations. Coarsening of
precipitates was modeled according to Lifshitz, Slyozov, and Wagner (LSW) theory by predicting the
coarsening rate of precipitates based on the Lee coarsening model. The model has been compared to high-
temperature tensile tests and shown to have a mean average error of 18.6 MPa and a Pearson correlation
coefficient of 0.97 for a series of six different Al alloys with a variety of Q-phase and © phase strengthening.
The YS models do not currently reflect the effects of misorientation, but developments in this area are being
investigated. The model predictions and measured tensile Y'S data taken at various temperatures are plotted in
Figure 1.2.B.5.
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Figure 1.2.B.5. Measured and predicted YS of Q and © + Q alloys.

Conclusions

A heat-resistant Q-phase-based alloy has been developed and cast into engine cylinder heads with current
production tooling. Properties of the alloy meet most of the program targets. However, microstructural analysis
has also revealed that the alloy’s properties in cylinder heads are significantly affected by process conditions
that limits its ductility and overall strength. Methods to improve the process are being developed that could
further increase the strength and ductility of the alloy, while maintaining the excellent castability already
achieved.

Key Publications
Bobel, A. C., M. J. Walker, and G. Olson, 2017, “Strengthening model to optimize coarsening resistant Q-
and 0 phase precipitates in Al-Si-Mg-Cu cast alloys,” presented at TMS 2017 Annual Meeting and
Exhibition, February 2017.

Bobel, A., K. Kim, C. Wolverton, M. Walker, G. Olson, 2017, “Equilibrium composition variation of
Q-phase precipitates in Al alloys,” submitted to Acta Materialia.

Kim, K., A. Roy, M. P. Gururajan, C. Wolverton, and P. W. Voorhees, 2017, “First-principles/phase-field
modeling of equilibrium Theta' precipitation in Al-Cu alloys,” submitted to Acta Materialia.

Patent Application Filed 04/07/17: *“Methods to increase solid solution zirconium in aluminum alloys.”

Walker, M., A. Bobel, N. Hatcher, A. Saboo, D. Frankel, K. Kim, and C. Wolverton, 2017, “Progress and
gaps in thermodynamic modeling for the development of advanced cast aluminum alloys using
integrated computational materials engineering,” presented at the Materials, Metals, & Minerals Society
(TMS) 2017 Annual Meeting and Exhibition, February 2017.
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Project Introduction

The cast Al alloys that are standard across the automotive industry for cylinder heads, such as Al 319 and

Al 356, have now been available for several decades. The design and implementation of higher efficiency
passenger automotive engines is currently limited by