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Abstract

Reducing the weight of automobiles is a major contributor to increased fuel
economy. The baseline materials for vehicle construction, low-carbon steel
and cast iron, are being replaced by materials with higher specific strength
and stiffness: advanced high-strength steels, aluminum, magnesium, and
polymer composites. The key challenge is to reduce the cost of manufac-
turing structures with these new materials. Maximizing the weight reduc-
tion requires optimized designs utilizing multimaterials in various forms.
This use of mixed materials presents additional challenges in joining and
preventing galvanic corrosion.
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INTRODUCTION

Reducing the weight of the machines that move people and goods is a key enabler for improving
fuel economy and payload (1, 2). The value of weight reduction depends on the particular mode of
transportation. Table 1 compares the financial benefits of reduced weight for both light vehicles
and heavy trucks. For light vehicles, weight reduction improves fuel economy at equivalent levels
of acceleration. A good rule of thumb for today’s automobiles is that a 10% weight reduction
delivers a 6% fuel economy improvement (3). For the new battery electric vehicles, it is necessary
to offset the increased weight of the propulsion system that results from the lower energy density
of batteries relative to liquid fuels (4). Reducing the vehicle weight even further can increase the
driving range of these vehicles, yielding an approximately 14% improvement in electric range
for a 10% reduction in weight (5). Managing vehicle weight also enables better handling at a
50:50 weight balance. For US operators of class 8 tractor-trailers, the cost of diesel fuel exceeds
the cost of the driver, accounting for approximately 40% of operating costs (2). For more than
80% of trips, the trailer is volume constrained, so the benefit of weight reduction is increased fuel
economy. These vehicles can achieve an ~0.5% fuel efficiency improvement for every 2,000 kg
in weight reduction (2). The trend toward denser freight is leading to increased weight-limited
transport. In those cases, reducing weight enables higher payload. The key metric is how much
freight can be moved for the least fuel consumption.

The Corporate Average Fuel Economy (CAFE) regulations were enacted in 1975 in reaction
to the 1973-1974 oil embargo. Those standards required improved fuel economy of cars and light
trucks, leading to an era of decreased vehicle weight of the US fleet (6-8). From 1985 to 2000,
vehicle weight increased due to the additional vehicle content needed to meet regulations and
consumer requirements (Figure 1). Starting around 2005, the weight of vehicles leveled off as
further improvements in weight reduction technology were utilized to offset further increases in
content (9-11). During this era, despite no improvement in weight, the fuel economy increased
as a result of improved powertrain efficiency.

Today’s newer models have significantly lower weight than the vehicles they are replacing (12).
The new platform 2012 Cadillac ATS sedan weighs 1,504 kg, making it one of the lightest vehi-
cles in its class, due to an all-aluminum hood, magnesium engine mounts, and other lightweight
materials (8). Building on the learnings of the aluminum-intensive Jaguar, Ford implemented an
aluminum-intensive architecture for the Ford F-150, the bestselling vehicle in North America.
The aluminum body, together with an advanced high-strength steel frame, resulted in a weight
reduction of more than 300 kg (a 14% decrease) compared to the model year 2014 vehicle (13-16).

WEIGHT REDUCTION BY OPTIMIZED DESIGN

Weight reduction can be accomplished by minimizing the amount of material needed to sup-
port the structural loads. Advances in design methods, such as topology optimization, can lead to
reduced weight components, delivering equivalent mechanical performance (17). Topology opti-
mization tools are now readily available in commercial software for use by design engineers. For
example, optimizing the location bolt holes in an engine block reduced weight by more than 30%

Table 1 Financial benefits of reducing weight

Sector Value of weight reduction ($/kg) Reference
Light vehicle $4.50/kg 1
Heavy truck $5-11/kg dry van dedicated routes 2
Heavy truck $13-24/kg bulk carriers 2

Taub et al.
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Figure 1

Changes in adjusted fuel economy, weight, and horsepower for model years 1975-2016. Adapted with
permission from Reference 11.

and reduced the weight of an aluminum extrusion clamp by 14% (18). Significantly, these de-
sign changes can often be implemented with no impact on cost. Further weight reductions can be
achieved by combining optimized design with improved manufacturing capability. Tailor-welded
blanks provide additional capability to optimize the gauge of sheet metal while maintaining large
integral stampings. Use of thinner wall ductile iron castings combined with design optimization
can deliver as much as a 40% weight reduction (19).

The next-generation design optimization methodology based on integrated computational
materials engineering ICME) will lead to further weight reduction opportunities (20, 21). The
ICME models of both the material and the manufacturing process bridge the dimensional scales
from the atomistic level to the component level. The models can simulate the temperature and
strain history, as well as the microstructure evolution in each section of the material as it is being
processed. The final microstructure can then be predicted with its associated mechanical prop-
erties. The ICME models can allow for modifications of the processing conditions for optimal
microstructure evolution. The ICME tools were first applied to castings and are now being ex-
tended to thermomechanical and powder processing. As a result, virtual components can now be
designed, processed, and tested for durability on a workstation long before components are fab-
ricated (22). The future vision for weight reduction by ICME modeling is to enable the engineer
to design components using local properties as determined from the model. In contrast, today’s
methodology employs average properties across the entire component. Further improvements can
be envisioned when the ICME tools are developed to the level at which they can be integrated
with topology optimization software.

The processes that are used to manufacture components can generally be grouped into
the broad categories of casting, thermomechanical processing, and powder consolidation for
metals and various thermo-forming approaches for polymer composites. Casting and thermo-
mechanical processing of metals have been practiced for thousands of years. Powder metallurgy
and polymer composite processing are more recent developments. As mass customization has
become more common, agile processes requiring low capital investment have emerged; such
processes include additive manufacturing (23) and incremental sheet forming (24-27) (Figure 2).
Additive manufacturing not only is cost effective for low-volume production but also allows for
production of components with higher geometrical complexity. This capability allows for further
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(@) Incremental forming and cost-effectiveness at low volume production relative to traditional forming
technologies. (#) Balance of part complexity and production volume for different forming processes.

weight reduction by enabling true topology-optimized structures that cannot be formed by more
conventional processes.

WEIGHT REDUCTION BY MATERIAL SUBSTITUTION

Weight reduction is possible through the use of materials having either higher specific stiffness
or strength, depending on the load path. Many studies of light vehicles have demonstrated the
potential for weight savings by material substitution (28). For the body structure, weight savings
as high as 60% can be obtained (Table 2). However, weight reduction comes with a significant cost
penalty. For applications that involve common materials as opposed to expensive rare elements,
increased costs can be related to the costs of energy and the processes that are used to refine and
manufacture the raw materials into the desired component shapes.

At the beginning of the automotive industry, several materials were evaluated as substitutes
for wood in the car, including low-carbon steels, aluminum, and bio-based polymers (3, 29). Steel
soon became the dominant material due to its low cost, the ability to stamp the sheet at ambi-
ent temperature, and its robust spot weldability. Toward the end of the last century, there were
many investigations for replacing steel as the main material for the body structure, and a num-
ber of aluminum-intensive and polymer composite—intensive vehicle prototypes with significant
weight savings were reported. Today, the focus has moved from single-material-intensive body
structures to designs using multimaterials (steel, aluminum, magnesium, and polymer composites)

Table 2 Impact of material substitution (5)

Lightweight material Material replaced Mass reduction (%) Relative cost per part

Magnesium Mild steel, cast iron 60-75 1.5t02.5

Carbon fiber composites Mild steel 50-60 2 to 10+

Aluminum metal matrix composites | Mild steel, cast iron 40-60 1.5 to 3+

Aluminum Mild steel, cast iron 40-60 1.3t02

Titanium Mild steel 40-55 1.5 to 10+

Glass fiber composites Mild steel 25-35 lto 1.5

Advanced high-strength steel Mild steel 15-25 1tol.5
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Figure 3

Mixed-material lightweight vehicle Mach-II body-in-white material distribution. Adapted from Reference 30.

manufactured in multiple forms (sheets, extrusions, and castings) (30-34) (Figure 3). Designs
now use the right material in the right form for each structural subsystem (35-41). The chal-
lenge for utilizing these lighter-weight materials is to develop new manufacturing processes for
mixed-material structures that meet the cost requirements for the particular application. This use
of mixed materials also presents additional challenges in joining and preventing galvanic corrosion
(42-44).

Steel and aluminum are the major materials used in structural applications, with the industry
also seeing increased use of magnesium and polymer composite components (Figure 4). This arti-
cle reviews advances that are being made in these material systems. The discussion focuses mainly
on body, chassis, and interior components. The increasing trend toward partial and full electrifi-
cation of the powertrain offers additional opportunities that are beyond the scope of this review.

FERROUS ALLOYS: ADVANCED HIGH-STRENGTH STEELS
AND DUCTILE CAST IRON

Historically, automobiles have contained significant amounts of ferrous alloys, as both wrought
steels and cast irons. Ferrous alloy and product developments, which have led to higher-strength
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US automotive metal market history and projection. Adapted from Reference 28.
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materials with significantly enhanced properties, have been instrumental in enabling economic
lightweight solutions in vehicles, including lighter-weight structural components for the critical
safety cage, such as the body in white, thinner sheet steel for exposed panels, and higher-power-
density transmissions and driveline components. Examples of enhanced properties of interest are
total elongation or ductility, formability, the ability to absorb energy in crash situations, corrosion
resistance, weldability, fatigue resistance, and fracture toughness. The improvements have been
achieved, and are continuing to be achieved, by alloy and process modifications leading to cleaner
steels with significantly reduced inclusion contents, lower amounts of residual elements, and the
desired microstructures. Thin-wall casting procedures have resulted in more microstructurally
homogeneous products with minimal defects and undesirable constituents, both of which are of-
ten present in conventional castings. In this section, three ferrous alloy systems—advanced sheet
steels, bar and forging steels, and thin-wall austempered ductile iron (ADI) castings—are assessed
to illustrate how unique combinations of strength increases and enhanced properties are achieved
to improve performance in lightweight designs.

Advanced High-Strength Sheet Steels

First-generation advanced high-strength sheet steels (AHSS)—which include dual-phase (DP),
complex-phase, transformation-induced plasticity (TRIP), and martensitic steels—have been de-
veloped and are currently being employed for cold-formed parts in the production of automobiles.
Figure 5, a property map in ultimate tensile strength-total tensile elongation space, shows that
the first-generation AHSS exhibit superior strength/elongation combinations in comparison to
many steels, including conventional low-strength grades (e.g., interstitial free, bake hardened, and
carbon-manganese mild steels) and conventional higher-strength grades (e.g., high-strength low-
alloy and ferritic bainitic steels) (45). Typically, higher-ductility steels exhibit better formability,
and thus the data in Figure 5 provide a comparative guide for assessing potential formability.
Figure 5 also shows that alloying and processing strategies that lead to austenitic stainless steels
and twinning-induced plasticity (TWIP) steels result in steels at specific strength levels with to-
tal elongations significantly greater than those of first-generation AHSS. However, such steels,
referred to as second-generation AHSS, are expensive due to high alloy additions and have not
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Figure 5

A property map of tensile strength and total elongation combinations for various classes of conventional and
AHSS grades. Abbreviations: AHSS, advanced high-strength sheet steel; BH, bake hardened; CP, complex
phase; DP, dual phase; FB, ferritic bainitic; HE hot formed; HSLA, high strength low alloy; IF, interstitial
free; IF-HS, interstitial free—high strength; MS, martensitic; TRIP, transformation-induced plasticity;
TWIP, twinning-induced plasticity. Adapted with permission from Reference 45.
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been extensively incorporated into the manufacture of automobiles. While the data presented in
Figure 5 were obtained under quasi-static testing conditions, similar comparisons, albeit at dif-
ferent strength/elongation combinations, would be observed for data obtained at the high strain
rates characteristic of actual stamping operations or crash events.

Extensive research and product development efforts have concentrated on producing cost-
effective steels with tensile properties within the two adjacent bands identified as third-generation
AHSS (46, 47). Deformation models have shown that steels with third-generation AHSS prop-
erties require complex microstructures consisting of high-strength constituents (e.g., martensite,
bainite, or ultrafine-grained ferrite) and significant amounts of retained austenite with controlled
stability against transformation to martensite with strain (47, 48). During deformation, the re-
tained austenite can transform to martensite, increasing strength and strain hardening. This pro-
cess results in necking being delayed to higher strains, i.e., the TRIP effect (49, 50). Multiple
alloying and processing strategies have been produced, or are being considered to produce, steels
with tensile properties within the third-generation property band (46). Among these strategies
are processing to enhance the properties of DP steels; modifications to traditional TRIP steel
processing, including TRIP-aided bainitic ferrite steels (51, 52) [a class of TRIP steels referred
to as medium-manganese steels with manganese contents between approximately 5 and 12 wt%
(53-56)]; modified stainless and TWIP steels with lower levels of expensive alloy additions; and
implementation of new processing routes leading to nanostructured bainite (57) or the quenching
and partitioning (Q&P) process (58, 59). Novel processing routes for the production of third-
generation steels typically use low-alloy steels and derive final microstructures from extension
of traditional thermal processing or incorporation of novel thermomechanical strategies. Three
economically promising processing approaches for cold-formable steels are considered here, and
complete summaries of other approaches are elsewhere (46).

TRIP-aided bainitic ferrite (TBF) steels, a class of steels designed to obtain tensile strengths
beyond conventional TRIP steels (51, 52), consist of a matrix of fine bainitic ferrite laths and
retained austenite in the absence of intercritical ferrite. TBF steels are produced by heating a
conventionally cold-rolled microstructure to a temperature at which the steel is fully austenitic,
followed by rapid cooling to an isothermal transformation temperature (referred to as the austem-
pering temperature), typically between 300°C and 500°C (60). A typical composition includes
0.2 wt% C, 1.5 wt% Mn, and 1-2 wt% Si with additions of Cr, Mo, and/or microalloying ele-
ments. Typical microstructures consist of bainitic ferrite laths, up to approximately 1 pm in width,
interlath-retained austenite up to approximately 16 vol% for higher-carbon TBF alloys (61), and
some fresh martensite formed on cooling after austempering. The final microstructures, and thus
the mechanical properties, depend on austempering temperature and time. During austempering,
austenite is enriched in carbon, which increases the austenite stability (60). Figure 6 shows a set
of tensile curves obtained after austempering at temperatures between 300°C and 500°C (52). All
samples exhibit continuous yielding, and the results indicate that the final microstructures vary
significantly with temperature and result in tensile properties near the lower border of the third-
generation AHSS band shown in Figure 5.

Q&P is a thermal processing route designed to obtain steels with microstructures consisting
of martensite, potentially some proeutectoid ferrite, and significant amounts of carbon-enriched
austenite (58, 59, 62, 63). Figure 7 is a schematic drawing showing the critical stages in the Q&P
process for steel initially heated to form a fully austenitic structure with the austenite carbon con-
tent, C,, equal to the average bulk carbon content, C;. Subsequently, the material is rapidly cooled
to the quench temperature (QT), selected below the martensite start temperature (Ms), where the
initial microstructure includes martensite, the amount determined by the degree of undercooling
below M, and austenite. Immediately after quenching, the carbon contents of both martensite and
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Figure 6

Engineering stress-strain curves of a 0.2 wt% C-1.5 wt% Mn-1.0 wt% Si-0.5 wt% Al steel austempered at
varying temperatures ranging between 300°C and 500°C for 200 s. Adapted with permission from
Reference 52.

austenite are equal to C;. Following the quench, the material is held at the partitioning temperature
(PT), which is equal either to the QT (one-step Q&P) or, as shown in Figure 7, to a higher tem-
perature (two-step Q&P). During the isothermal hold at the PT, carbon partitions from martensite
to austenite to increase the austenite stability and to correspondingly decrease the carbon content
of the martensite, which may also be undergoing tempering at the PT (64). On cooling to room
temperature, some austenite transforms to martensite, and the resulting microstructure consists
of carbon-depleted tempered martensite, carbon-enriched metastable austenite, and potentially

Temperature

Mg

Ml

Figure 7

Schematic diagram showing the two-step quenching and partitioning heat treatment process starting with a
fully austenitic microstructure. Ac,, Ms, Mp, QT and PT denote austenitization, martensite start
temperature, martensite finish temperature, quenching temperature, and partitioning temperature,
respectively. C;, Cy, and Cy, are carbon contents of the initial alloy, austenite, and martensite, respectively.
Adapted with permission from References 46 and 63.
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Engineering stress-strain curves obtained in x wt% C-1.5 wt% Mn-1.6 wt% Si steels with varying carbon
contents from 0.2 to 0.4 wt% after quenching and partitioning processing, with partitioning conducted at
400°C for partitioning times (Pt) of 10 s and 300 s. Adapted with permission from Reference 66.

some untempered martensite formed on final cooling. Steels with austenite volume fractions in
the approximate range of 10 to 20 vol% have been produced (58, 59). Models exist to identify the
optimal QT (65), and typical Q&P alloys contain C and Mn, with Si added at levels to suppress
cementite formation during partitioning (62). The alloys may also include Ni, Cr, and/or Mo. The
temperatures and times selected at each stage provide the opportunity to design steels with spe-
cific microstructures and thus property combinations, as illustrated in Figure 8 for steels selected
to assess the effects of carbon content and partitioning times (Pt) of 10 s and 300 s (66). Figure 8
shows that for each Pt, strength increases with carbon content. The samples with Pt of 10 s exhib-
ited higher hardening rates and corresponding significantly higher ductilities than were observed
for the samples with Pt of 300 s. As the work hardening rate depends on austenite stability (47), the
results in Figure 8 suggest that retained austenite stability was greater for the samples partitioned
for 10 s than for the samples with a Pt of 300 s. Extensive research has shown that the Q&P process
is capable of producing high-strength third-generation AHSS products, with the final properties
dependent on alloy content and processing history, and initial commercial applications of Q&P
steels have been realized (67).

Medium-Mn steels have received considerable recent attention as microstructures with
retained austenite volume fractions significantly higher than achievable with TBF or Q&P
processing (53-56, 68). Typical processing involves intercritical annealing after cold rolling,
during which manganese partitions to austenite, increasing the austenite stability and leading
to room temperature microstructures with high volume fractions (some up to approximately
60 vol%) of metastable austenite distributed in a high-strength fine-grained (on the order of
1 pm) ferritic matrix. The presence of retained austenite with controlled stability (i.e., enhanced
resistance to deformation-induced transformation of austenite to martensite with strain) leads to
steels that exhibit high strengths, high elongations, and excellent formability (53). Due to the use
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Figure 9

Electron back-scattered diffraction image quality map for 7 wt% Mn steel annealed at 620°C for 24 h to
produce 40 vol% austenite (ferrite in 7ed; austenite in green). Adapted with permission from Reference 70.

of manganese partitioning to stabilize austenite, the medium-manganese alloys typically have a
lower carbon level relative to TBF and Q&P steels. For specific alloys, a thermodynamic-based
model (69) can predict the amount of austenite that can be retained to room temperature and can
thus guide the selection of processing temperatures.

Figure 9 shows the microstructure of a typical medium-manganese (nominally 7 wt% Mn)
steel and illustrates the significant degree of microstructural refinement that is realized after in-
tercritical annealing of a cold-rolled sheet (70). Figure 10 illustrates the effects of annealing tem-
perature on the transformation of austenite to martensite with strain and on the correspond-
ing engineering stress-strain behavior (68). The austenite volume fraction varies from a high of
43.5 vol% for the sample annealed at 650°C to 1.4 vol% for the sample annealed at 675°C. The
annealing temperature affects austenite composition, volume fraction, stability, and thus stress-
strain behavior. Specifically, the sample annealed at 600°C exhibits 33 vol% austenite and stability
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Figure 10

(@) Evolution of the fraction of austenite transformed to martensite with tensile deformation for different
annealing temperatures ranging from 575°C to 650°C for 168 h, followed by water quenching.

(b) Corresponding tensile stress-strain curves for 0.1 wt% C-7.1 wt% Mn—0.1 wt% Si samples. In both
panels # and b, the samples contained the following initial retained austenite volume amounts: 1.4% at
675°C, 43.5% at 650°C, 40% at 625°C, 33% at 600°C, and 26% at 575°C. Adapted with permission from
Reference 68.
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with strain, as shown in Figure 104, leading to the excellent combination of strength and duc-
tility shown in Figure 10b. The breadth of properties illustrated by this example indicates that
medium-manganese steels offer the opportunity to produce a wide variety of grades, all contained
within the higher-ductility region of the third-generation AHSS band shown in Figure 5.

The examples considered here illustrate significant advances in the development of third-
generation AHSS products. Other technologies to produce steels and steel products to enable
lightweight designs include low-density steels, which contain aluminum contents up to approxi-
mately 10 wt% and base microstructures, depending on alloy additions, that are ferritic, austenitic,
or multiphase (71). Density reductions up to approximately 12% have been realized. An alternate
processing technology referred to as hot press forming utilizes boron-modified steels initially
heated to a temperature to form austenite, followed by forming and quenching in a die to produce
high-strength components (e.g., pillars and intrusion beams) critical to maintaining the integrity
of the passenger compartment during a crash (72).

Advanced Bar and Forging Steels

Bar and forging steels are critical to automotive suspension systems, bearings, gears, shafts, etc. In
powertrain components, e.g., transmissions, lightweighting is achieved by incorporating advanced
steels with increased strength to facilitate higher-torque capacities in rotating shafts and enhanced
resistance to bending and rolling contact fatigue in gears and bearings, leading to designs capable
of higher power densities and thus smaller components for specific applications. While many
advances have been made in microalloyed forging steels (73) and in carburized steels (74), steel
processing developments that have led to cleaner steels and have thus facilitated the production
of fatigue-sensitive components that operate at higher stress levels with longer lives are illustrated
here (75-77).

During steel making, inclusions (brittle oxides, deformable sulfides, etc.) that form in liquid
steel or on solidification may have detrimental effects on mechanical properties (e.g., tough-
ness, fatigue resistance) and may thus limit the maximum allowable stresses that can be imposed
on components. To maximize potential operating stresses, process modifications are utilized to
minimize inclusion volume fractions and size. Fatigue cracks nucleate in steels (#) due to plas-
tic deformation—induced damage to the microstructure; (b) at inclusions for a variety of reasons,
including debonding (e.g., due to low interfacial strengths or due to high local stresses resulting
from blocked slip bands); or (¢) by inclusion fracture for brittle inclusions. On the basis of a fracture
mechanics approach, Findley et al. (77) predicted the allowable fatigue stress as a function of inclu-
sion size (represented here and in Reference 77 as the square root of inclusion area) (Figure 114).
Also superimposed onto Figure 114 are typical yield stress levels for automotive components
to illustrate that higher-strength components are more susceptible to fatigue. Application of in-
clusion control for high-performance bearings, critical to automotive lightweighting, has led to
improved steelmaking practices that have resulted in cleaner steels, as illustrated in Figure 115,
which correlates the fatigue life of bearings with inclusion content (expressed in the figure as
the total length of inclusion stringers). Since 1980, improved steelmaking practices have led to a
two-order-of-magnitude increase in fatigue life and steels produced on high-capacity mills, with
properties equivalent to those of expensive vacuum arc remelted steels.

Thin-Wall Austempered Ductile Iron Castings

Ductile iron castings have long been an important material for automotive manufacture and re-
main a material of choice for many applications, in part due to the excellent castability exhibited by
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values for selected automotive components, and the corresponding conventional alloy designation is also shown. Stress levels above the
line indicate fatigue nucleation by inclusions, while for stresses below the line, fatigue is controlled by the inherent resistance of the
microstructure. In panel b, the different types of liquid steel processing are correlated with specific regions of the line. Panel # adapted
with permission from Reference 77. Panel b adapted with permission from Reference 75.

iron casting, mechanical properties such as high strength-to-density ratios, and attractive cost (19).
Recent advances in the production of thin-wall ADI castings have shown that ductile cast irons
will be important materials to enable lightweight vehicle designs at a lower cost than for aluminum
castings (78). ADI castings can also operate at higher temperatures with superior mechanical prop-
erties. In comparison to conventional cast iron products, alloys for thin-wall castings, which ex-
perience higher cooling rates associated with the smaller section sizes, typically have higher Si
contents and utilize modified inoculation techniques to ensure the development of a high and
uniform distribution of fine graphite nodules (79-81). As an example, Figure 12 compares light

Figure 12

Light optical micrographs of unetched specimens that show the influence of section thickness on nodule
count. (#) A 20-mm plate (150 nodules/mm?). (b)) A 2-mm plate (2,000 nodules/mm?). Adapted with
permission from Reference 80.
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optical micrographs that show nodule densities in a cast iron treated with 2 wt% of FeSi9%MgCe
and inoculated with 0.5 wt% of Fe75%Si and casting to produce either 20-mm plates
(Figure 124) or 2-mm plates (Figure 125) (80). The 2-mm-thick sample exhibited a significantly
higher cooling rate, leading to a higher degree of undercooling that enhanced nucleation. The
result was a higher density of fine nodules relative to the 20-mm-thick sample. The effects of nod-
ule count on mechanical properties are mixed. Stefanescu et al. (82) showed that tensile properties
were independent of nodule count, while Gérny & Tyrata (83) showed that strength increased
with an increase in cooling rate, interpreted to reflect an increase in nodule count resulting from
an increase in cooling rate. Further research is required to quantify the effects of nodule count
and matrix microstructure on the critical properties (e.g., strength, toughness, fatigue resistance)
required for lightweight automotive designs.

The examples included here illustrate that advances in steel alloy and process development
are leading to new steels that can operate safely at higher stress levels and that therefore enable
lightweight designs in multiple automotive applications. A couple of the major challenges for
future materials research are below:

m Complete realization of enhanced properties illustrated by laboratory experiments using
small-scale trial heats may require facility modifications or enhancements to apply the nec-
essary processing histories.

m ICME tools need to be developed and/or refined to provide input to guide future alloy and
process-history selections so as to further advance the recent developments illustrated here
or to identify new material opportunities.

ALUMINUM AND MAGNESIUM

Aluminum and magnesium have a long history of automotive applications, as shown in Figure 13
(84); however, extensive use of these materials began only in the mid-1970s. Both materials have
seen steady growth since then, as more applications have been identified, largely due to increasing
demands on vehicle fuel economy. The latest significant example is perhaps the use of aluminum
body (approximately 318 kg lighter than the previous version) in high-volume production of 2015
Ford F-150 pickup trucks (85). The cost of the lighter-weight body is estimated to be consistent

Magnesium BMW Mg/Al block

Ford radiator
support

GM instrument panel
Buick (a(rhoftg)e Future m‘):;‘* _
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1900s 1910s 1920s 1930s 1940s 1950s 1960s 1970s 1980s 1990s 2000s

Alhoods " hudi AV

Blocks and heads Radiators

Bugatti Type 10 Model T hood

Aluminum

Figure 13

Timeline of key aluminum and magnesium automobile applications. Abbreviation: ATV, aluminum-intensive
vehicle. Adapted with permission from Reference 84.
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with the cost shown in Table 2. The average North American vehicle is estimated to contain
approximately 187 kg of aluminum (86) and 10 kg of magnesium. The use of aluminum and mag-
nesium will increase in the future, in part because of the increased demand for fuel economy and
lightweighting and, more importantly, because of the development of innovative manufacturing
processes and material improvements that should increase the capability of these materials and
decrease the cost of using them. This section describes a number of manufacturing technologies
that will enable increased use of aluminum and magnesium and discusses improvements in mate-
rial properties or cost that may also increase the use of these materials.

Sheet Forming

Aluminum has lower formability relative to the low-carbon steel materials used to stamp most au-
tomotive body structures and closures. Thus, aluminum has been extensively used only for hoods,
which are relatively simple to stamp. For more complex stampings, like door, liftgate, or deck-
lid inner panels, one must either use a multipiece approach or use a nontraditional, hot forming
technology like quick plastic forming (87). Sheet magnesium has not been used for even simple
panels, due to its extremely low formability, which is even lower than that of aluminum. How-
ever, prototype components have been successfully made using hot blow forming technologies
like quick plastic forming, and low-volume application of magnesium has been realized (88). Mul-
tipiece assemblies or hot blow forming technologies are expensive, and there is a desire to develop
high-volume technologies that can produce complex aluminum and magnesium panels at volumes
of more than 30,000 per year. The forming technologies described here should enable forming of
complex aluminum and magnesium panels at medium to high volumes.

Warm forming involves stamping sheet materials at 200°C to 350°C, resulting in the sig-
nificantly enhanced formability of 5xxx series aluminum and magnesium alloys (89, 90). The
process uses heated, matched die sets and conventional stamping rates (5-10 jobs/min). This
enables high-volume production using existing press infrastructure, which is attractive in the cur-
rent market, in which a lot of excess capacity exists. Warm forming has been studied for more
than 40 years in prototype shops and laboratories (91) but has not been commercially utilized
at any significant level. This lack of use is due to difficulties in controlling the heat distribu-
tion and dimensions in the die, as well as the lack of a suitable lubricant and rapid blank heat-
ing technique. There has also been some resistance to using thermal stamping technologies in
conventional press shops. Recent work has demonstrated successful stamping of an aluminum
and magnesium inner door panel and identified new lubricants, which could work in the warm
forming process (84). In addition, the continued acceptance of press quenching for steel suggests
that there may be more opportunities for thermal stamping technologies. The continued develop-
ment and ultimate implementation of a warm stamping technology would enable greater oppor-
tunities for the use of aluminum and magnesium in complex stampings, especially in inner door
panels.

Tube Hydroforming

Tube hydroforming uses pressurized fluids such as water to make fairly complex perimeter
shapes from simple-geometry tubes. Hydroformed parts have replaced assembled and welded
stamped components and generally achieve a mass savings of 15-20% and accompanying cost
savings due to part consolidation, elimination of welding flanges, more efficient section design,
reduced wall thickness, lower-cost tooling, and fewer processing steps due to the combination of
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Figure 14

Hydroformed aluminum rail for the Corvette Z06 shown immediately after forming. Reproduced with
permission from Reference 92.

forming and piercing. Although hydroformed steel subsystems are used pervasively in automotive
applications, the conversion to aluminum, and subsequently to magnesium, has been slow. The
largest hydroformed part in the world is the 4.8-m-long aluminum frame rail for the Corvette
(92). These tubes, shown immediately after forming in Figure 14, saved 20% of the mass from
the steel rails that they replaced. The ongoing research challenge is to further reduce the weight
and cost of hydroforming aluminum parts by utilizing ICME optimization.

Castings

Aluminum can be cast by many processes, including precision sand casting coupled with low-
velocity fill, low-pressure die casting, permanent mold casting, and high-pressure die casting
(HPDC). For magnesium, HPDC is the dominant technology. Future growth of both aluminum
and magnesium will depend on additional casting process developments. We now discuss two
technologies that may have a significant impact on aluminum and magnesium use in the future.

High-vacuum die casting processes have emerged that are capable of producing components
that exhibit minimal porosity and are heat treatable and weldable, thus overcoming the two largest
shortcomings of traditional HPDC. New aluminum alloys, such as AURAL-2, Silafont-36, and
Magsimal-59, have been specifically developed for high-vacuum die casting processes (93, 94).
A vacuum-assisted die casting process has also been developed for producing magnesium alloy
components with reduced porosity (95). The subsequent development of super-vacuum die cast-
ing (SVDC) parts (96) demonstrates a 50% increase in ductility relative to conventional HPDC
components.

SVDC processes are expected to gain increased popularity as more castings become incorpo-
rated into structural subsystems along with the possibility of casting thinner sections with higher
integrity relative to HPDC for additional mass reduction. An example application is the cast alu-
minum shock tower for the Cadillac ATS sedan, which weighs 2.8 kg and represents a weight
savings of approximately 50% relative to a comparable design of sheet-steel construction (29).
Developments are also expected in squeeze casting, as enhanced properties will become expected
from castings that have thick sections, such as wheels and control arms. The properties of these
high-integrity castings are approaching those of forgings, but at substantial cost savings.

One important requirement for these structural castings is high ductility (>10% elongation),
which is needed for joining processes (typically self-pierce riveting). Iron is a common impu-
rity element and can form a brittle iron-rich intermetallic phase known as $-AlsFeSi in cast alu-
minum alloys. However, a certain level of iron is desired in cast aluminum alloys for HPDC since
it reduces the tendency of die soldering and improves the hot tearing resistance (97, 98). It is a

www.annualreviews.org o Materials for Automotive Lightweighting

341



a b
675 20 —_—
6501 Liquid 1 Al + Si + p-AlsFeSi
_ Liquid + a-Aly5(Fe,Mn);Si, 151 +aAhs(FeMn)sSi; 1
) L i
Y 625
o -
5 — g
% 600 [Liauid 1 3 10 1
= + afAl L. ) =
dgl_ Liquid + a-Al + a-Al;5(Fe,Mn)3Si, @ I |
5751 - @Al +Si
(]
- ?, 05l ans + a-Al;5(Fe,Mn)sSi,
550 [} a-Al + Si+ p-AlbFesi _ ,
+ a-AI15(Fe,Mni3Siz a-Al + Si + a-Al;5(Fe,Mn);Si,
525 - - s 0.0 . . .
0.0 05 10 15 20 0.0 05 10 15 20
Mn (wt%) Mn (wt%)
Figure 15

(@) Calculated isopleth for Al-8 wt% Si—0.35 wt% Mg-0.6 wt% Fe—x% Mn. (b) The effect of Fe and Mn content on the formation of
the 3-AlsFeSi intermetallic phase in the Al-Si-Mg-Fe-Mn alloy system. Figure adapted from Reference 101.
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common practice to add manganese to aluminum alloys to modify 3-AlsFeSi intermetallics. Nu-
merous studies on the modification effect of manganese and cooling rate on iron-rich intermetal-
lic phases have been reported for several alloy systems (98-100). A recent study (101), based on
CALPHAD (CALculation of PHAse Diagrams) modeling of the Al-Si-Mg-Fe-Mn system, reveals
the relationship between the iron concentration and the required level of manganese to eliminate
the 3-AlsFeSi phase (Figure 15). The simulation results and experimental validation suggest that
an iron-to-manganese ratio of less than 1 can effectively eliminate the 3-AlsFeSi phase in the
as-cast microstructure. This finding forms an important basis for controlling the ductility of alu-
minum castings.

Research has been focused on thin-wall aluminum and magnesium casting development
(Figure 16) through alloy optimization and advanced process simulation (104). The research has
developed key process technologies (SVDC and shortened heat treatment) and ICME tools for
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Figure 16

Achieving thin-wall aluminum and magnesium die casting through alloy optimization and process
simulation. Adapted from Reference 102.

Taub et al.



a b

700 T T T T T T T T T — AE42 (Mg-4Al-2Ce) 50‘,,
— AE44 (Mg-4Al-4Ce) ,
600 L . i — AE416 (Mg-4Al-16Ce)
o 500 B
g 436°C 450°C
[
S 400} Mg Al
= 12.7%
3 300} -
o
£ Mg;,Ce 416
& 200 E (Al,Mg),Ce
Mg,,Al «— Mg,Al 10
100 9g17Al12 92Al3 o
0 1 1 1 1 1 1 1 1 1 OAE42 . - . A|11C63' Y
0 0 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50
Mg Al Mg Mgy7Aly,
Al (wt%) Al (wt%)
Figure 17

(@) Calculated Mg-Al phase diagram. L denotes liquid. (4) Calculated Mg-Al-Ce liquidus projection and solidification paths of

experimental Mg-Al-Ce alloys. Panels 2 and 4 adapted from Reference 103.

300 series (Al-Si-Cu-Mg-based) die casting alloys to improve mechanical properties and to reduce
the minimum wall thickness (by up to 40%) and weight (by up to 20%) of these die castings.

Alloy Development

Over the last few decades, many new aluminum and magnesium alloys (cast and wrought) have
been developed for automotive applications. The following provides one example (103) of how
the CALPHAD approach is used to design a high-temperature magnesium alloy for automotive
engine cradle application.

Aluminum is the most widely used alloying addition to magnesium for strengthening and casta-
bility. Figure 174 shows a calculated Mg-Al phase diagram. The low eutectic temperature (436°C)
of the Mg;7Al;, phase limits the application of Mg-Al alloys to temperatures below 125°C, above
which the discontinuous precipitation of the Mg;;Aly; phase leads to substantial creep deforma-
tion. Therefore, possible approaches for improving creep resistance in Mg-Al-based alloys in-
clude (#) suppressing the formation of the Mg;7Al;, phase, (§) pinning grain boundary sliding, and
(¢) slowing solute diffusion in the magnesium matrix.

Figure 17b shows the calculated liquidus projection of the Mg-Al-Ce system in the Mg-rich
corner. The additions of 2-4% Ce to Mg-Al alloys result in the formation of Al;;Ce; and reduce
the formation of the Mg;7Aly; phase in the Mg-Al binary system. The calculations also show that
approximately 15% Ce (which is too expensive) is required to completely suppress the formation
of the Mg;;Al;; phase in the Mg-4Al alloy. Thus, the AE44 (Mg-4Al-4Re) alloy was selected
for the Corvette engine cradle application, for which the operating temperature would approach
150°C (105).

Some of the major challenges for future materials research in aluminum and magnesium alloys
are:

m alloy development for higher specific properties (including metal matrix composites with
nanosized reinforcements) and low costs (including using secondary alloys);

m innovative casting processes, including high-integrity processes and semisolid processes;

improved forming processes, such as warm and hot forming and sheet hydroforming; and

m additive manufacturing and dissimilar material joining processes.
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POLYMER COMPOSITES

Fiber-reinforced polymer composites are key enablers of energy efficiency gains and emissions
reductions. High strength-to-weight ratios, exceptional durability, and directional properties are
some key benefits of polymer composite materials as valued choices for high-performance auto-
motive applications. The low-cost, energy-efficient production of advanced fiber-reinforced poly-
mer composites is expected to revitalize US manufacturing and innovation and to yield substantial
economic and environmental benefits. Advances in material intermediates and manufacturing
technologies are needed for increased use of polymer composites in the automotive industry.

Present Applications of Polymer Composites

There are several opportunities for plastics and polymer composites for lightweighting and energy
efficiency in vehicles (104). Representative applications are illustrated in Figure 18 and include
the following:

m Automotive body exterior: Bumpers, roof surrounds, and body horizontal and vertical panels
made from composites provide lighter vehicles with better gas mileage and allow designers
and engineers the freedom to create innovative concepts. Polymer composites for automo-
tive body exterior panels and parts allow for modular assembly practices; lower production
costs; improved energy management; better dent resistance; and the use of advanced styling
techniques for sleeker, more aerodynamic exteriors.

® Automotive interior: Polymers and polymer composites provide comfort, reduced noise
level, aesthetic appeal, ergonomic layout, and durability.

m Automotive safety: Composite structures in the front end of a vehicle absorb energy while
lowering vehicle weight. Plastics are also used in door modules to maintain or improve side
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Figure 18

Comprehensive opportunities for polymers and polymer composites with associated manufacturing
processes for lightweighting in vehicles. Abbreviations: BMIC, bulk molding compound; HP RTM,
high-pressure resin transfer molding; LFT, long-fiber thermoplastic; SMC, sheet molding compound.
Adapted from Reference 105.
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impact safety, as layers in automotive safety glass to prevent passenger injuries, and as poly-
mer foams that add strength to automotive body cavities and increase occupant safety in
vehicles.

m Automotive electrical systems: Polymers and polymer composites are used in interconnec-
tions and housings for sockets, switches, connectors, circuit boards, wiring and cable, and
other electrical and electronic devices.

m Automotive chassis: Polymers can be used in chassis support and suspension structures due
to their high performance in energy absorption and in reducing noise and vibration.

m Automotive powertrains: The powertrain includes the system of bearings, shafts, and gears
that transmit the engine’s power to the axle. Powertrain is one of the most difficult systems
for lightweighting, but overmolding long-fiber thermoplastics (LFTs) with cast metals can
be used to deliver increased torque at lower weight.

m Automotive fuel systems: Composites offer more design freedom over conventional metals.
High-performing automotive fuel tanks and related delivery systems incorporate leak-proof,
corrosion-resistant, and reliable compressed natural gas tanks. The overbraiding of filament
wound tanks enhances the burst resistance of CNG tanks and absorbs energy.

m Automotive engine components: Relevant engine components include air-intake manifolds,
cooling system components, and valve covers. Plastics are in use to make engine systems
easier to design, easier to assemble, and lighter in weight.

Today approximately 10-15% of a vehicle is manufactured from polymers and composites.
These materials can improve passenger safety and provide design flexibility. The parts include
instrument panels, seat components, interiors, underbody structures, trunks, underhood compo-
nents, and door inners. Figure 19 illustrates the increasing use of polymers and polymer compos-
ites in vehicles today. Polypropylene is the dominant material used due to its low cost (Figure 20).
There is increased interest in thermoplastic resins and use of recycled fibers. In terms of reinforce-
ments, E-glass fiber is widely used due to low cost and high performance. Lighter weight, lower
embodied energy, increased recyclability, and high performance are the key drivers for carbon and
natural fibers.

Carbon Fibers

Advances in carbon fiber technologies via alternative precursors, efficient processes, and interface
engineering enable cost reduction at improved performance. Alternative precursors such as
textile-grade polyacrylonitrile and processing approaches are being adopted to engineer carbon
fiber materials that yield superior final part properties at reduced production energy levels. The
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Historical average material usage of various plastics and composites in US and Canadian light vehicles.
Adapted from Reference 104.
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Figure 20

Average plastics and polymer composites use in US/Canadian light vehicles. ABS denotes acrylonitrile
butadiene styrene. Adapted from Reference 104.

Department of Energy (DOE) set a target for low-cost (textile-grade) carbon fiber [or textile
carbon fiber (TCF)] at 1,700 MPa tensile strength and 25 Msi tensile modulus. Recent advances
have enabled T'CF at properties and cost metrics exceeding these set metrics for automotive
adoption (106). Recent developments in T'CF have enabled fiber properties at 2,800 MPa tensile
strength and 260 GPa tensile modulus with a potential cost of $10/kg.

The TCEF has a 457,000-600,000 filament count (shown in Figure 21), which is analogous to
a sheet, in contrast to a commercial 12,000-50,000-filament fiber (for example, ZOLTEK PX 35).
Table 3 shows representative properties of the TCF-based epoxy composites. The strength and
modulus of the TCF exceed those required for automotive applications.

Polymer Composite Processing

Innovative reinforcements, resins, additives, and intermediates are enabling fast cycle times, re-
duced scrap, integrated features, and reduction in embodied energy. Integrated fabrics, preforms,
and prepregs are used in fast-cycle-time production of composites such as door inners, floors, seat
backrests, roofs, trunks, and underhood auto components. Advanced manufacturing techniques,
including injection overmolding (IOM), stampable preforms, wet compression, locally stitched
preforms, high-pressure resin transfer molding (HP RTM), and extrusion-compression, are

Figure 21

Wide-tow textile-grade carbon fiber produced at the Carbon Fiber Technology Facility at Oak Ridge
National Laboratory. Reproduced from Reference 106.
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Table 3 Representative properties of textile carbon fiber (T'CF) epoxy composites®

Property (cross-ply) TCEF (66% volume fraction, V'y) epoxy

Tensile strength 548 MPa (79.48 ksi)

Tensile modulus 84 GPa (12.18 Msi)

Flexural strength 655 MPa (95 ksi)

Flexural modulus 73 GPa (10.6 Msi)

Compression strength 456 MPa (66.1 ksi)

Compression modulus 72 GPa (10.4 Msi)

Interlaminar shear strength 45 MPa (6.5 ksi)

*T'CF represents a family of fibers depending upon the precursors. These properties represent those generated by IACMI in
the 2016-2017 period. There are continuing efforts to enhance precursors, with the goal of increasing the TCF properties.

examples that reduce composite manufacturing costs and energy consumption and improve com-
ponent performance and recyclability.

In HP RTM, continuous fabrics and discontinuous nonwovens are preformed to optimized
blanks and are placed in a production closed cavity tool (Figure 22). Low-viscosity resin is injected
at high pressures ranging from 8 to 12 GPa; the resin rapidly permeates through the preform
(typically in less than 1 min) to cause full wet out and rapid curing times ranging from 30 to 180 s
(107, 108). The glass transition temperatures of these systems are in the range of 120°C to 130°C.

In wet compression, the preform is placed in the tool cavity, and low-viscosity resin is robot-
ically delivered to the preform (109) (Figure 23). The press is then closed on the cavity, and the
resin infiltrates the preform, much like in RTM. Darcy’s law applies for the flow of the resin in the
tool cavity. Permeability of the fabric, weave architecture, ply thickness, and part geometry need
to be optimized to influence the flow and minimize the fill rate.

IOM is being used more extensively in automotive components such as door inners, bumper
beams, instrument panels, and crash members. In IOM, a thin layer of continuous fabric preforms
or tapes provides the structural load-bearing elements, and complex features such as ribs, bosses,
and steps are back molded with a high-performance polymer and/or LFT such as glass or carbon
polyamide 6 (PA6-C) (110-112). The advantage of this approach is the ability to achieve highly
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Figure 22

(@) High-pressure resin transfer molding (RTM). CF denotes carbon fiber. () Wet compression processing.
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Overmolding steps of automotive components. Abbreviations: PA, polyamide; UD, unidirectional. Figure
adapted courtesy of BASE.

complex, near-net shapes in cycle times of less than 90 s. Figure 23 illustrates the cycle of a part
produced with this process (110). Figure 24 illustrates a PA6-C LFT compared to an overmolded
PA6-C LFT. A 275% enhancement of load bearing and strain capacity is observed by utilizing a
single layer over an LFT substrate (111).

LayStitch is a related development in composite preforming for overmolding. In LayStitch,
the fiber mats are locally reinforced through automated stitching of high-strength fibers. The
resulting composite can bear strength for postassemblies such as fasteners or bear high stress at
local points (113).

Prepreg stamping uses preimpregnated thermosets and thermoplastics much like those used by
the aerospace industry. To be economical in automotive applications, prepregs made from glass,
carbon, and basalt reinforcements in epoxy, vinyl ester, or thermoplastic resins can be preformed
readily and compression molded at rates approaching those of stamping metal sheets. Near-net-
shape parts are realized through this process. Prepreg technologies are fairly broad, including
wetting of reinforcement of thermosets, hot melt impregnation, and solvent-based thermoplastic
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Figure 24

Comparison of carbon PA6 versus overmolded carbon PA6. The latter shows a 275% increase in load
bearing. Abbreviations: CF, carbon fiber; LFT, long-fiber thermoplastic; PAG, polyamide 6. Adapted from
Reference 111.
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prepregs. The fiber volume is controlled accurately, ranging from 50% to 62% by volume, and
can be further tailored as desired (114).

LFT5 can be injection and/or extrusion-compression molded. The long-fiber pellets made from
a range of fiber-resin combinations, such as polypropylene (PP), polyamide (PA), polyphenylene
sulfide (PPS), or thermoplastic polyurethane—glass fiber (TPU-GF), are used in this process. The
pellets are produced through hot melt impregnation or pultrusion of rods that are pelletized to a
length of 12 to 25 mm (115, 116). The conveying screw in injection or extrusion has a low-shear
design to minimize fiber attrition. In fiber injection molding, pellets that are 12 mm or shorter
melt and disperse in the extruder and are forced through the nozzle to flow in the cavity. The fiber
length is highly directional in this process (117).

In extrusion-compression molding (ECM), the LFT pellets are fed through a low-shear screw
to produce a high-viscosity fiber-resin charge. The charge is transferred to a fast-acting press that
houses the mold (the tool). The partis produced in 1-3 min by compression molding of the charge.
Figure 25 illustrates the fiber orientation and properties of an ECM and IM part.

Sheet molding compounds (SMCs) have widescale use in automotive applications. In SMCs,
glass, basalt, carbon, and natural fiber reinforcements are chopped on a rotary cutting system.
Polyester and vinyl ester with additives such as talc are fed through doctor boxes on either side of
the chopped fibers to form resin film and to sandwich the fibers into a tacky nonwoven form. The
material has approximately 6 weeks of shelf life and can be cut to preform. SMCs are compression
molded at 7-8 GPa to flow and form the part at temperatures of 150-175°C. Components such as
tailgates, seat backrests, and fenders are produced with SMCs. Figure 26 illustrates a seat backrest
component molded with a structural SMC material in a cycle time of 45 s (118, 119).

Recycling of Polymer Composites

Recycling of composites is of growing interest due to the possibility of low-cost carbon fiber in-
tegration into automotive designs. Since recycled chopped carbon fiber costs 70% less to produce
and up to 98% less energy to manufacture than virgin carbon fiber, recycling technologies can
create new markets for the estimated 29 million pounds of composite scrap sent annually to land-
fills. Advances in recycling technologies, including pyrolysis, solvolysis, mechanical shredding, and
thermolysis incineration, are enabling recycle, reuse, and remanufacture of products (120-125).
Drop-in recycled intermediates are made in wet laid or air laid mats more than 1 m wide
(Figure 27). A recycled carbon fiber mat can be configured for various proportions. For exam-
ple, a PA6-C mat may be in proportions of 30 wt% carbon and 70 wt% PAG6 fibers. The mats

b

Figure 25

Material stages in the long-fiber thermoplastic—extrusion-compression molding process: () polypropylene
glass fiber pellets, (b) plasticated charge, and (c) compression-molded plate. Reproduced from Reference 115.
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Figure 26

(@) Molded sheet molding compound (SMC) seat backrest at a cycle time of 45 s. (/) SMC molded plaque
and overmolded SMC plaque.

typically range from 80 to 500 g/m? and can be processed by producing preconsolidated panels
and by compression molding these panels to shape. In some cases, the mats are passed through an
infrared oven and stamped to shape in the mold. Table 4 summarizes representative properties
from recycled carbon fiber composites.

Recycled carbon fibers can also be used in twin screw produced, compounded pellets in various
concentrations. The carbon fiber polymer pellets, such as PA6-C, PP-C, and PP-acrylonitrile
butadiene styrene, are then used as feedstock for injection molding, extrusion-compression, or

Figure 27

Example of a recycled carbon fiber polyamide 6 (PA6) mat that can be stamped/compression molded to near
net shape.
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Table 4 Representative properties of recycled carbon fiber mats in polyamide 6 (PA6) and epoxy resin systems

Carbon-PA6 (28% volume fraction, Vy), | Carbon-epoxy (26% volume fraction, V}),
Property (cross-ply®) 1” fiber length 1 fiber length
Tensile strength (MPa) 460 MPa (66.7 ksi) 225 MPa (32.6 ksi)
Tensile modulus (MPa) 24.2 MPa (3.5 Msi) 20 MPa (2.9 Msi)
Flexural strength (MPa) 465 MPa (67.4 ksi) 310 MPa (45 ksi)
Flexural modulus (GPa) 23 GPa (3.3 Msi) 18 GPa (2.6 Msi)
Interlaminar shear strength (MPa) 49 MPa (7.1 ksi) 42 MPa (6 ksi)

*Cross-ply here refers to the lay up of mat layers alternating in the machine direction and the cross direction.

extrusion deposition additive manufacturing. Studies have shown that the number of times that
the shredding-processing can occur ranges from 5 to 7 cycles, depending upon the polymer.

Additive technologies in composite manufacturing are providing innovative pathways such as
3D printing of components for full vehicle bodies. The Oak Ridge National Laboratory (ORNL)
Manufacturing Demonstration Facility (MDF) has demonstrated BAAM (big-area additive man-
ufacturing) for 3D printing by extrusion deposition of Strati (Figure 284), Shelby Cobra, Jeep
Willys, and military vehicle hoods, to name a few. Additive manufacturing offers a high-rate, low-
cost alternative to traditional toolmaking for compression and resin transfer molding to produce
prototypes (Figure 28b). Additive manufacturing of polymer and metal tools is reducing the lead
times for prototype development. Automated tape placement enables hybrid processes with ad-
ditive manufacturing through local tape placement in conjunction with extrusion deposition or
fused deposition printing.

Advanced Resins

Both thermoset and thermoplastic resins are being customized for automotive use. Fast-
curing epoxies, unsaturated polyesters, and vinyl ester thermosets with environmentally friendly
chemistries, reduced volatile organic compounds, and reduced or no styrene content are enabled.

5cm

Figure 28

Hexagonal geometry section of a Strati car produced on the BAAM (big-area additive manufacturing)
printer at the Manufacturing Demonstration Facility at Oak Ridge National Laboratory. (#) Side view.
(b) Cross section.
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These resins are being used in filament winding, pultrusion, HP RTM, prepregs, and wet com-
pression processes. Thermoplastics provide the recycling benefit and higher energy absorption
for crashworthiness. Thermoplastics in the automotive industry include olefins (PP, polyethylene),
PAG6, PA66, polycarbonate, polybutylene terephthalate, and TPU for structural and semistructural
components and high-temperature PPS, polyethylenimine, and polyether ether ketone for under-
hood applications. Liquid molding thermoplastics with poly(methyl methacrylate) chemistries are
also being used with carbon fibers. Increasing the use of thermoplastics requires research advances
in the development of novel in situ polymerization methods to improve thermoplastic fatigue per-
formance and the establishment of design-for-recyclability methods.

Advanced Modeling for Design

Design, prototyping, and validation are integral steps for turning conceptual designs into high-
performance components and verifying that these components meet their intended product re-
quirements. These product development steps rely on a robust understanding of material limits;
processing capabilities; principles of mechanical design; and best manufacturing practices to op-
timize the safety, reliability, and performance of a system.

Advances are needed in design optimization approaches, including those for manufac-
turability and recyclability, validation of composite crash simulation models, and creation of
techno-economic analyses of automotive composite parts to provide manufacturers with design,
prototyping, and validation examples. Advances are also needed in modeling and simulation tools
for automotive applications, including assessing variability in end-to-end simulated manufacturing
processes, conducting accelerated tests and validating models with experimental data, incorporat-
ing composite joint designs into crashworthiness models, and sharing key material properties to
inform simulation efforts. The integration of these efforts can enable reductions in product devel-
opment times (Figure 294). The Composites Design & Manufacturing HUB and the Composites
Virtual Factory HUB at IACMI Purdue University enable modeling and simulation for a range of
manufacturing scenarios. Various manufacturing modules developed by the team include prepreg
stamping, fiber flow in injection molding, draping, and additive manufacturing. Figure 295
illustrates representative work in modeling of layer-by-layer extrusion deposition by the ORNL
MDF team to evaluate local thermal stresses developed in the components during processing.

b

Composites Stress
virtual factory hub High

« Commercial tools
« Browser-based platform
- Secure environment

«Vehicle teams
- Wind teams

« CGS teams

Low

(@) Modeling and simulation hub at IACMI Purdue University with a comprehensive set of capabilities for prepreg stamping, injection
molding, compression, and additive manufacturing. CGS denotes compressed gas storage. (#) Model of local thermal stresses developed
in layer-by-layer extrusion deposition of acrylonitrile butadiene styrene material.
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Several enabling technologies are emerging for polymer composites in the automotive industry.
The technologies enable reductions in embodied energy (126-128), reductions in life cycle costs,
recyclability, and reductions in manufacturing costs. Some of the major challenges for incorpo-
rating polymer composites into vehicles include developments in low-cost carbon fibers; design,
modeling, and simulation; process innovations; hybrid materials; enhanced energy absorption;
nondestructive evaluation; and recycling technologies.

MULTIMATERIAL JOINING

Multimaterial joining is increasingly important as automotive designs are evolving heavily into
multimaterial designs. Instead of designing complex systems with single-material solutions,
manufacturers rely on multimaterial design approaches to selectively integrate advanced mate-
rials into components without imposing a significant technology implementation risk (126, 129,
130). Increasing the technological maturity and acceptance of multimaterial joining techniques
is essential to their widespread use across the manufacturing industry. Multimaterial joining is
therefore a crucial enabling technology for the integration of steel, aluminum, magnesium, and
high-performance composite components.

The area is guided by a couple factors. First, regarding material selection and design tools, the
manufacturing industry requires robust design tools, reliable test methods, and best practices to
ensure that novel multimaterial joining techniques are sufficiently cost effective and dependable
to achieve design compliance and serviceability and to meet end-of-life requirements of key ap-
plications. Research is focused on (#) assessing multimaterial joining approaches for scale-up (e.g.,
welding, adhesive, mechanical joining), () developing accelerated aging tests for mixed-material
joints to generate lifetime performance data, and (c) developing third-party data evaluation
approaches and incentivizing original equipment manufacturer data sharing via access-controlled
databases.

Second, regarding monitoring, inspection, and repair, new materials and innovative designs
for enhancing product performance are creating a constant demand for novel nondestructive ex-
amination inspection methods, state-of-the-art instrumentation, and skilled inspectors capable of
synthesizing and interpreting measurement data. Robust sensing and inspection methods are es-
sential for assessing the integrity, repairability, and producibility of multimaterial joints in key
lightweighting applications. These methods include (#) creating structural health monitoring ref-
erence/training materials for different job functions and (5) developing defect detection techniques
(e.g., ultrasound) that can test frequencies of the entire structure.

SUMMARY

The automotive industry has transitioned from an era of maintaining vehicle weight to delivering
significant weight reduction in newer models. Optimizing the vehicle structure for weight
minimization requires using a variety of materials produced by different methods into the correct
form and then joining those components. This review identifies key research challenges ranging
from the need for new alloys and polymers to development of lower-cost processing technologies.
The increasing availability of new ICME models will enable faster and more efficient research in
these areas.
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