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Executive Summary

In 2009 an Inter-Agency Agreement provided funding to George Washington University to give
technical support to the National Highway Traffic Safety Administration’s research on the
potential safety benefits of plastics and composite-intensive vehicles. As part of implementing
the PCIV safety roadmap, the National Crash Analysis Center of the GWU undertook this
research project to investigate opportunities for lightweight vehicles using advanced plastics and
composites.

The primary goal of this research project was to identify and evaluate the safety benefits of
structural plastics and composites applications in future lighter, more fuel efficient, and
environmentally sustainable vehicles. The research objectives of this project were (1) to evaluate
the current state of modeling and simulation tools for predicting impact response of composite
materials in automotive structures, (2) to investigate weight reduction opportunities in a current
vehicle, and (3) to evaluate the impact of such weight reduction on crashworthiness.

The methodology of the research consisted of:

e A comprehensive literature review focused on the:

o Characteristics and mechanics of plastics and composites,

o Applicability of advanced plastics and composites to automotive components, and

o Capabilities and limitations of simulations to composite analysis.

e Development of a lightweight vehicle numerical model (i.e., finite element [FE] model) to
investigate the weight reduction opportunities in a current vehicle. This involved:

o Using as a baseline FE model of a 2007 Chevrolet Silverado, which is a body-on-frame
pickup truck.

o Lighter weight components of the Silverado based on the literature review and with help
from the American Chemistry Council Plastics Division’s member companies, Saudi
Basic Industries Corp. (SABIC), BASF Corp., and Bayer MaterialScience AG.

o Reducing the weight of the Silverado’s ladder frame with a carbon fiber-thermoset matrix
braided composite whose material properties were obtained from various physical
material tests.

e Frontal New Car Assessment Program test simulations of the developed lightweight vehicles
to evaluate the impact of weight reduction on crashworthiness.

In conclusion, the original vehicle weight, 2,307 kg, was reduced to 1,874 kg, which is about a
19-percent decrease. As a result, the lightweight vehicle represented by a FE model contains
about 442 kg of plastic and composites, which represents about 23.6 percent of the total weight
of the lightweight vehicle. To reach or exceed a 30-percent content of plastics and composites in
the development of a PCIV, additional applications of plastics and composites to the vehicle
structural components, especially occupant compartment and closures, would be required.

_iV_
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Based on the frontal NCAP simulations of five lightweighted vehicles, structural performance of
lightweighted vehicles can be summarized as:

e It was observed that the vehicle mass reduction contributes to a decrease in the vehicle
frontal intrusion when the baseline and lightweighted vehicles have similar frontal structure
stiffness characteristics.

e The deceleration of a vehicle was more likely to be dependent on the vehicle stiffness and
crash mechanisms, rather than vehicle mass reduction.

e Overall, the light-weighted vehicles using advanced plastics and composites provide
equivalent structural performance (intrusion and crash pulse) to the baseline vehicle in the
full frontal impact condition.
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Investigation of Opportunities for Lightweight Vehicles Using Advanced Plastics and Composites

1. Introduction

In fiscal year 2006, Congress directed the National Highway Traffic Safety Administration of the
Department of Transportation to begin the development of a program to examine the possible
safety benefits of lightweight Plastics- and Composite-Intensive Vehicles (PCIVs) and to
develop a foundation for cooperation with the U.S. Department of Energy, industry and other
automotive safety stakeholders (Senate Report No. 109-293). NHTSA tasked the Volpe National
Transportation Systems Center to conduct focused research, in cooperation with industry
partners from the American Plastics Council, now the American Chemistry Council Plastics
Division.

NHTSA concentrated on the safety-related research issues affecting the deployment of PCIVs in
2020. In 2007, the Volpe Center developed a safety roadmap for future PCIVs and described the
approach, activities, and results of an evaluation of potential safety benefits of PCIVs (Brecher,
2007, 2009). In the 2008 PCIV safety workshop conducted by the Volpe Center, attendees
indicated that a minimum of 30 percent to 40 percent (by weight) of plastics and composite
content in one or more subsystems beyond interior trim could be considered to qualify a vehicle
as a PCIV (Volpe Center, 2008). Barnes et al. identified outstanding safety issues and research
needs for PCIVs to facilitate their safety deployment by 2020, and recommended three topics
pertinent to crashworthiness of PCIVs: (1) material database, (2) crashworthiness test method
development, and (3) crash modelling (Barnes, 2010).

In 2001, the APC (now the ACC PD) outlined a Vision and Technology Roadmap for the
automotive and plastics industries (Fisher, 2002). In the technology integration workshop in
2005, the ACC PD provided an expansive safety road mapping effort examining PCIVs (Fisher,
2007). In 2009, the ACC PD updated the vision and technology roadmap to outline the industry’s
action priorities for achieving the technology and manufacturing innovations required to realize
PCIVs (ACC PD, 2009b). Also, the ACC PD recommended three research activities: (1) improve
the understanding of composite component response in vehicle crashes, (2) development a
database of relevant parameters for composite materials, and (3) enhance predictive models to
avoid costly overdesign (ACC PD, 2009a).

There is an increasing need to investigate opportunities for weight reduction the vehicle fleet to
improve fuel economy and compatibility of the vehicle fleet. However, this should be achieved
without sacrificing the current self-protection levels in the vehicle fleet. Innovative plastics and
fiber reinforced composite materials offer a means to lightweight vehicle structures. The main
advantages of composites over the more conventional isotropic materials are the lower density,
very high specific strength, and specific stiffness that can be achieved.

Previous studies have shown that composite structures deform in a manner different than similar
structural components made of conventional materials like steel and aluminum. The micro-
failure modes, such as matrix cracking, delamination, fiber breakage, etc., constitute the main
failure modes of composite structures. These complex fracture mechanisms make it difficult to
analytically and numerically model the collapse behavior of fiber reinforced composite
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structures. This has limited the application of composites materials for mass production in the
automotive industry.

In 2009, an Inter-Agency Agreement provided funding to The George Washington University to

give technical support to the NHTSA research on the potential safety benefits of PCIVs. As part

of implementing the PCIV safety roadmap, the National Crash Analysis Center at GWU initiated
this research project to investigate opportunities for lightweight vehicles using advanced plastics
and composites.

The primary goal of this multi-year research project was to identify and evaluate the safety
benefits of structural plastics and composites applications in future lighter, more fuel efficient,
and environmentally sustainable vehicles. This PCIV safety research also supports national and
global efforts to design and deploy vehicles with improved fuel efficiency and emissions,
without compromising their crash safety. The research objectives of this project were (1) to
evaluate the current state of modeling and simulation tools for predicting impact response of
composite materials in automotive structures, (2) to investigate weight reduction opportunities in
a current vehicle, and (3) to evaluate the impact of weight reduction on crashworthiness.

A research approach was formulated to advance the simulation capabilities to effectively model
and predict the behavior of composite structures in automotive applications. At first, a
comprehensive literature review was undertaken to understand the existing research works, the
composite characteristics and mechanics, the applicability of advanced plastics and composites

to automotive components, and the capability and limitation of simulations to composite analysis.

In order to investigate the weight reduction opportunities in a current vehicle, a lightweight
vehicle was developed numerically (i.e., a finite element model was developed). An FE model of
a 2007 Chevrolet Silverado, which is a body-on-frame pickup truck, was selected as the
candidate vehicle for weight reduction. Plastics and composites were considered as the primary
substitute materials in this study. Based on the literature review and with help from the ACC
PD’s member companies, candidate steel vehicle components in the Silverado were selected and
weight was reduced by substituting plastics and composites for the heavier steel components.

Furthermore, the steel ladder frame, which is the primary structural member of the Silverado,
was selected and weight-reduced with a composite material in order to evaluate the
crashworthiness of a structural composite member in the vehicle structure. A carbon fiber-
thermoset matrix braided composite was considered as the substitute material for the ladder
frame. To identify the mechanical properties of the carbon braided composite, material tests were
conducted using various test configurations.

Last, the frontal New Car Assessment Program tests of the developed lightweight vehicles were
simulated to investigate the weight reduction effect on vehicle crashworthiness, to evaluate the
crash performance of the composite structural component (ladder frame), and to look into the
opportunities of using plastics and composites for weight reduction in a current vehicle.

In this study, costs were not considered. In particular, a cost increase is one of the critical barriers
to using plastics and composites in automobiles. However, in order to investigate opportunities
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for weight-reduced vehicles using plastics and composite and identifying the potential safety
benefits of plastics and composites applications in future lighter, this study mainly focused on
identifying currently available plastics and composite materials and their applicability to current
vehicle components, and did not consider cost variations. Also, the manufacturability for vehicle
components using plastics and composites is another critical issue. Instead, the existing vehicle
design, which has optimal structures for steel material and steel manufacturing technologies, was
used to develop the lightweight vehicle having plastics and composite as material substitutes in
this study. So, the design changes of original vehicle structures and components were limited to
replacing components, and therefore are considered to be a minimal approach that could be taken
for reducing the weight in the weight reduction process. A more optimal approach would have
been a comprehensive, clean-sheet design from the ground up to achieve a maximized weight
reduction for the Silverado. However, such an approach was beyond the scope and available
funding for this project.

This report consists of nine chapters including the introduction and conclusions. Chapters 2 to 4
contain summarized information from the literature reviews. Chapter 2 provides a description of
the plastics and composites. Chapter 3 describes the basic composite mechanics. Chapter 4
describes the composite material models available in the FE code LS-DYNA used for the crash
simulations. Chapters 5 to 7 provide details for developing a lightweight vehicle. Chapter 5
describes the candidate vehicle and components for weight reduction. Chapter 6 describes the
development procedure of the composite ladder frame. Chapter 7 describes the light-weighted
components. Chapter 8 shows the results from the frontal NCAP simulations of lightweight
vehicles. In addition, the material test report by University of Dayton Research Institute is added
as Appendix A.
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2. Plastics and Composites

2.1. Lightweight vehicles

According to the USDOE, the United States currently uses nearly 20 million barrels of oil a day.
The transportation sector accounted for almost 30 percent of total U.S. energy use in 2010, two-
thirds of the nation’s petroleum consumption, and a third of the nation’s carbon emissions.
Nearly, 28 percent of U.S. greenhouse gas emissions are generated from transportation, the
second-largest source after power generation.
There are quite a number of barriers to weight reduction in automobiles:

(1) historically low prices of fuel in the United States;

(2) higher costs of advanced, lightweight materials;

(3) lack of familiarity with lightweight materials;

(4) extensive capital investment in metal-forming technologies;

(5) lack of large automotive composites and magnesium industries;

(6) preferences for large vehicles;

(7) perceptions of safety;

(8) recycling issues of plastics and composites;

(9) increased emphasis on alternative fuels such as non-conventional petroleum, biofuels,

and electricity;

(10) alternative propulsion systems such as hybrids and fuel cells; and

(11) the automotive industry’s lack of long-term pricing strategies and stable long-term

partners (Carpenter, 2008; Vaidya, 2011).

The CAFE standard had remained mostly unchanged for past three and a half decades since
1975, however, until a new rule was issued in 2010. New passenger cars and light trucks,
including SUVs, pickups, and minivans, are now required on average to achieve at least 34.1
miles per gallon by year 2016 (Light-Duty Vehicle and CAFE Standards, , 2010). Recent
changes to the CAFE standard were driving automakers to seek more aggressive methods for
fuel consumption deductions. Weight reduction of vehicles will be a factor in meeting these
requirements due to the inherent relationship between mass and fuel consumption.

It was estimated that 75 percent of fuel consumption directly relates to vehicle weight
(McWilliams, 2011). With everything else remaining the same and considering mass
compounding, a 6- to 8-percent increase in fuel economy can be realized for every 10-percent
reduction in weight (Carpenter, 2008; Cheah, 2010). Table 2.1 provides a comprehensive
overview of the weight saving and cost for automotive lightweight materials, including
composites and metals.

Vehicle weight reduction is a known strategy to improve fuel economy in vehicles. However,
Cheah addressed that the opportunity to reduce energy use by vehicle weight reduction is not as
straightforward as it seems on three different fronts (Cheah, 2010). First, the average new U.S.
vehicle weight has increased steadily over the past two decades. Second, the topic of vehicle
weight reduction should be studied with a life-cycle perspective, considering energy-intensive
production and recycling of lightweight materials. Third, while the effectiveness of weight
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reduction in lowering fuel use at a vehicle level is reasonably well understood, the effectiveness
at a vehicle fleet level is less so.

Table 2.1. Automotive materials with corresponding mass reduction and relative cost (Powers,
2000)

Lightweight material Material replaced | Mass reduction (%) (per pai,eitsll‘;;fr?;tHSS:l)
High strength steel Mild steel 10 - 25 1
Aluminum Steel, cast iron 40 - 60 1.3-2
Magnesium Steel or cast iron 60 - 75 1.5-25
Magnesium Aluminum 25-35 1-1.5
Glass FRP composites Steel 25-35 1-1.5
Carbon FRP composites Steel 50-60 2-10+
Al matrix composites Steel or cast iron 50-65 1.5-3+
Titanium Alloy steel 40 - 55 1.5-10+
Stainless steel Carbon steel 20 -45 1.2-1.7

" include both materials and manufacturing

Table 2.2. Summary of vehicle mass-reduction studies (Lutsey, 2010)

Project Mass reduction® Cost impact findings*
* Most mass reduction actions came with cost savings from baseline
« Body: 20% ¢« A 19% overall vehif:le mass reduction cgmes at qet zero cost ) .
IMPACT Ford F150 ¢ A 25% mass reduction comes at a $500 increase in the total variable vehicle

H . 0,
Vehicle: 25% manufacturing cost of the vehicle

« Mass-reduction features are currently entering Ford’s new vehicle fleet

* The total estimated manufactured cost of the mass-optimized vehicles is

Porsche Engineering

Body: 17%

found to be about $9,200 to $10,200 per vehicle.

ULSAB-AVC * Vehicle: 19-32% Mass-optimized vehicle designs using high-strength steels are affordable
with minimal additional manufacturing costs
ThyssenKrupp . Body: 24% Material, assembly, tool/die costs decrease; production costs increase
New Steel Body y: ? Overall: 24% body mass reduction has a 2% manufacturing cost increase
- - - IV
IBIS aluminum-intensive + Body: 48% Aluminum body has a $500-600 cost increase from steel (22% increase)

design

Vehicle: 17%

Aluminum vehicle overall has an approximate $100 additional cost (1%
increase) over conventional baseline vehicle retail price

EDAG steel-intensive
Future Steel Vehicle

Body: 16-30%
Vehicle: 17%

Found mass-optimization allows hybrids and plug-ins can have improved
total ownership cost from conventional 2020 vehicles (i.e., reductions in fuel
consumption and other benefits offset mass-reduction and powertrain costs).

US AMP concept
magnesium-intensive body

Body: 49%

Reduced part count (-78%) along with reduced mass (-161 kg)
Increased variable cost (3%), decreased investment cost (-46%)

Volkswagen-led
Super Light Car

Body: 14-39%

Steel-intensive (-14%, 40 kg): less than 2.5 €/kg

Multi-material, economic (-22%, 62 kg): less than 5.0 €/kg
Multi-material, advanced (-39%, 114 kg): less than 10 €/kg
“Multi-material concepts promise cost effective light weight solutions™

Lotus Engineering Low * Body: 16% Body-in-white cost decreases by 18%, or about $60/vehicle
Development * Vehicle: 20% The vehicle cost is decreased by 2%, or about $300/vehicle
Lotus Engineering High * Body: 42% Body-in-white cost increases by 35%, or about $1000/vehicle

Development

Vehicle: 33%

The vehicle cost is increases by 3%, or about $500/vehicle

RMI Revolution

Body: 57%
Vehicle: 52%

Sticker price of $35,000, designed for cost comparability with luxury sport
utility vehicles (e.g., Lexus RX, Mercedes ML).

Cost-competitiveness due to parts consolidation and reduction and the
reduction in use of materials offsetting price of high-cost composites

“ This table’s findings are based on a variety of sources from the various projects (See Lutsey, 2010, for further details and sources)

Reductions in vehicle weight can be achieved by a combination of (1) vehicle downsizing,

(2) vehicle redesign and contents reduction, and (3) material substitution (Cheah, 2010: Center
for Automotive Research, 2011). Actually, there are a number of major research projects that
have sought to determine the mass-reduction technology and materials potential for future
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vehicles. Lutsey (2010) reviewed 17 vehicle mass-reduction studies and summarized achieved
mass-reductions and cost impacting findings in Table 2.2. In these studies, the new
manufacturing technologies and the lightweight materials, such as high strength steel, aluminum,
magnesium, plastics, and composites, are used to reduce the vehicle weight. Table 2.2 shows that
a range of mass reduction is 16 to 57 percent in body and 19 to 52 percent in vehicle with the
average of these vehicle designs achieving about 30-percent mass reduction.

Schewel (2008) identified that lightweight vehicle could be a potent solution to triple safety
(safety of climate, drivers, and other road users) simultaneously, without compromise.
Lightweight vehicles enhance the environment (climate) safety through their higher fuel
efficiency. However, the safety (self- and partner-protection) of lightweight vehicles is not
clearly identified yet. There have been many debates about the relationship about between safety
and vehicle weight and size. Rocky Mountain Institute (Chan-Lizardo, 2011) reviewed the
lightweight automotive safety studies and summarized conclusions of these studies in Table 2.3 .
The conclusions of lightweight safety studies have not provided clearly the safety implications of
lightweight vehicles to vehicle weight and size. These lightweight safety concerns are still lively
studied by many researchers.

NHTSA (2011) hosted a workshop on the effects of light-duty vehicle mass and size on vehicle
safety on February 25, 2011. The purpose was to bring together experts in the field to discuss
and try to reach consensus on some of the overarching questions that NHTSA must grapple with
in its upcoming CAFE rulemaking. In the workshop, Summers (2011) described three on-going
projects to study about feasible, lightweight vehicle design and safety evaluations of lightweight
vehicles.

In 2006, Congress directed NHTSA (S. Rep. 109-293) to begin development of a program to
examine the possible safety benefits of lightweight PCIVs and to develop a foundation for
cooperation with USDOE, industry and other automotive safety stakeholders. In NHTSA’s 2008
PCIV safety workshop, attendees indicated that a minimum of 30 percent to 40 percent (by
weight) plastics and composite content in one or more subsystems beyond interior trim could
qualify a vehicle as a PCIV (Volpe Center, 2008).

The ACC PD (2009a) addressed the advantages that PCIVs have:
(1) sourced from strong U.S. chemical manufacturing industry;
(2) improved global competitiveness of U.S. automakers (technology and jobs);
(3) reduced dependency on foreign oil;
(4) lower carbon and other emissions;
(5) increased sustainability through renewable materials; end-of-life recovery and
recycling options;
(6) leapfrog fuel efficiency requirements;
(7) lower vehicle weight while maintaining size; and
(8) enhanced crash safety.
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Table 2.3. Summary of lightweight automotive safety studies (Chan-Lizardo, 2011)

Year Author Description Conclusion
Used regression model to predict Increased weight leads to fewer fatalities,
Crandall and b o CAFE would increase fatalities 14—28%.
1989 Graham traffic fatalities based on vehicle
weight.
1992 Focused on momentum of collision Fatality likelihood increases as mass ratio
i ratio of collision partner’s wei increases.
1994 Evans partners and safety risk. (ratio of coll rtner’ ght)
2004
NHTSA, study, regression analysis of ~ Fatality rates increase with weight decrease
fatalities per billion miles. Included (100 Ib. reduction in vehicles leads to over
1997 vehicle type and mass, driver age and 1100 more fatalities in 1999, from 258 to
2003 Kahane gender, and crash location and type. 1555).
2004 Ignored coupes and certain vehicle
dimensions, ie. assumed mass and
size were equivalent.
Separated collision data by driver, Found similar safety for drivers in all vehicle
2001 Wenzel make, and model; analyzed size and classes, but increased danger to others by
2002 and weight independently. Ignored driver SUVs. Pickups are least safe. Determined that
Ross behavior and crash location. mass alone does not explain variations in
safety/risk.
Commissioned by Honda, reanalyzed ~ Found that a weight reduction would have no
2002 Kahane's six types of crashes plus statistically significant effect on fatalities in
2003 Van Auken and  many configurations/orientations of 1999 (different trends in different sizes/weights
2004 Zellner vehicles using statistical analysis of of vehicles). Size, not weight, connected to
2005 NASS data. Accounted for track width ~ safety.
and wheelbase.
i i Found 15% Equivalent Life Unit (ELU)
Kebschull, Kelly, Modeled a Ford Explorer, a lightweight 197 \ !
2004 Van Auken ang (aluminum-intensive) Explorer, and reduction in the lightweight Explorer, 26%
’ lengthened (increased crush space) reduction in the long Explorer.
Zeliner Explorer in NASSy, crashes.
Investigated NHTSA's Fatality Analysis ~ Vehicles with the same wheelbase vary widely
Reporting System for relationships in weights and safety ratings. If all vehicles
2006 Robertson between collision fatality and vehicle were the lightest in their wheelbase class,
size, stability, and weight. fatalities would decrease 28% (16% less fuel
consumption).

& National Highway Traffic Safety Administration
b National Automotive Sampling System

As shown in Figure 2.1, the average U.S. light vehicle contains about 384 pounds (174 kg) of
plastics and composites in 2009 — about 10 percent of total vehicle weight but more than 50
percent of vehicle volume (ACC PD, 2009a). Sehanobish (2009) reported that the use of 100
pounds of plastics could replace approximately 200 to 300 pounds of mass from the use of
traditional materials. Advantages of composites compared to steels for automotive and

transportation are:

(1) weight reduction of 20-40 percent,
(2) styling flexibility in terms of deep drawn panels, which is limited in metal stampings,
(3) 40-60 percent savings in tooling cost,

(4) reduced assembly costs and time in part consolidation,
(5) resistance to corrosion, scratches and dents, and improvement in damping and NVH (noise,

vibration and harshness),
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(6) materials and process innovations capable of adding value while providing cost saving, and
(7) safer structure due to the composite material’s higher specific energy absorption (SEA)
(Carpenter, 2008; Vaidya, 2011).

100%
10% 10% 12%
90% +——— ————————— EEE— —
° 3% 3% 5%
5% 5% 6%
80% -
Other materials
70% 1 Glass
60% - Fluids and lubricants
M Rubber
50% - , , ,
W Plastics and plastic composites
40% - B Aluminum
30% M Iron castings
-
MW High and medium strength steel
20% M Regular steel
10% -
0% -
1995 2000 2009

Figure 2.1. Average material consumption for a domestic light vehicle, model years 1995, 2000,
and 2009 (Source: Ward’s Communications, Ward’s Motor Vehicle Facts and Figures, 2010,
Detroit, MI, 2010, pp. 65).

The following reviews are about the plastics and composites, and are referred from several
references (Mamalis, 1998; Tucker, 2002; Lu, 2003; Sehanobish, 2009; Lukkassen, 2008;
Mallick, 2010; Courteau, 2011; and Vaidya, 2011).

2.2. Plastics and composites

Structural materials can be divided into four basic categories: metals, plastics, composites, and
ceramics, as shown in Figure 2.2. Metals include all kinds of steels (iron steel, HSS, stainless
steel, etc.) and non-ferrous metals (aluminum, magnesium, etc.). Ceramic materials are
inorganic, non-metallic, often crystalline oxide, nitride or carbide materials. Plastics are
polymers composed of long covalent-bonded molecules. Composites consist of two or more
separate materials combined in a macroscopic structural unit. Specifically, plastics and
composites are the focus of this study.
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Structural Materials

Plastics
(Polymers)

Metals Ceramics Composites

Figure 2.2. Classification of structural materials.

Plastics (polymers)

Polymers have quite different material characteristics as compared to steel. General benefits of
polymers are:
(1) light weight,
(2) corrosion resistance,
(3) electric resistance,
(4) low thermal conductivity,
(5) variety of optical properties,
(6) formability,
(7) surface finish,
(8) comparatively low cost, and
(9) low energy content.

While polymers have many advantages over metals, they behave differently from metals when
subjected to mechanical loads or exposed to thermal or chemical environments. Some of the
differences between polymers and metals are:

(1) they have much lower modulus and strength,

(2) their mechanical properties are influenced by temperature and strain-rate, and for

some polymers by humidity,

(3) they exhibit creep and stress relaxation,

(4) they do not exhibit an endurance limit when subjected to fatigue loading,

(5) they have a significantly higher coefficient of thermal expansion than metals,

(6) their ductility and impact resistance is influenced by temperature,

(7) their notch sensitivity are various and affects impact behaviors, and

(8) their long-term use should take into account the possibility of creep and stress

relaxation and the effect of aging on their properties.

Polymers can be classified into three categories: thermosets, thermoplastics, and rubber, as
shown in Figure 2.3. This distinction is somewhat artificial, as a given polymer can often be
processed to produce a thermoset, a thermoplastic, or a rubber end product.

Thermosets, also known as thermosetting plastics, are not fully polymerized in their raw state.
They are usually in a solid or resinous liquid state prior to use. Most thermosets require the use
of an extra component to achieve cure, this often termed a catalyst or curing agent. An
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application of heat and pressure will cause the polymer to first go through a softening stage
during which it will flow easily. Then, a following chemical reaction completes the
polymerization, which is the curing (vulcanizing) process. Curing is an irreversible chemical
reaction in which permanent connections (known as crosslinks) are made between the material’s
molecular chains. These crosslinks give the cured polymer a three-dimensional structure, as well
as a higher degree of rigidity than it possessed prior to curing. Most thermoset polymers have a
highly crosslinked structure when cured and therefore can no longer be made to flow. At this
point in the process, a re-application of heat only degrades the resin. Compared to
thermoplastics, thermosets have much lower viscosity, and a higher thermal and chemical
resistance. The material properties of typical thermosets are listed in Table 2.4.

Polymers

|
T 1
q Thermosets | thermopIasticsl q Rubber |
|
1

q Commodity | q Engineering |

Polyamide (Nylon, PA, PA6, PA12)
Polyphenylene Sulfide (PPS)
Polyetherimide (PEI)
Polysulfone (PSF)
Polymethlymethacrylate (PMMA)

Acryl butadiene Styrene (ABS)
Polyetherether Ketone (PEEK)
Polyetherketone (PEK)
Polyoxymethylene (POM)
Polycarbonate (PC) J

Polyethylene (PE)
Polypropylene (PP)

Unsaturated Polyester (UPE)
Vinyl Ester (VE)
Epoxy (EP) Polyvinyl Chloride (PVC)
Phenolics (PF) Polystryene (PS)
Polyimide (PI)
Urea Formaldehyde (UF)
Melamine Formaldehyde (MF)

J

Figure 2.3. Classification of polymers.
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Table 2.4. Typical properties of thermoset resins (Vaidya, 2011)
Tensile | Tensil Heat Glass Cur
Material Specific enstie ensiie Elongation | Deflection Transition -ure
. strength | modulus shrinkage
(thermosets) gravity (%) temperature | temperature o
(MPa) (GPa) C) C) (%)
Unsaturated
Polyester 1.1-1.4 35-105 2.0-3.5 1-5 60-205 - 5-12
(UPE)
Vinyl Ester
(VE) 1.1-1.32 73-81 3-3.5 3.5-5.5 93-135 - 5-10
li%‘gy 12-13 | 55-130 | 2.75-4 1-3 70-80 180-260 1-5
Phenolics
(PF) 1.35-1.41 6-9 2-3.5 1-3 95-105 - 3-5
POI(VI‘,‘IT)“de 128-134 | 3885 | 3.944.1 1.5 - 220-320 1-2

Thermoplastics, also known as thermosoftening plastics, are fully polymerized in their raw state.
There is essentially no chemical reaction involved in the processing. The use of thermoplastics
involves a physical processing step (melting). Application of heat will result in softening or
melting, at which time the material will flow and can be formed or molded into the desired
shape. Cooling of the material returns it to its former solid state, locking in any dimensional or
shape changes. No cross-links are formed as with a thermoset material. The changes seen in the
thermoplastic are purely physical. With the reapplication of heat, the cycle is wholly reversible
and can be repeated many times, or until the cumulative effects from the thermal cycling and
high shear during processing start to degrade the polymer. Injection molding is the principal
processing method for the vast majority of thermoplastics automotive parts. It is capable of being
used for producing parts of complex shapes and geometry at high production rates, with good
dimensional accuracy and excellent surface finish. However, the cooling time in the mold has a
major effect on the injection molding cycle time.

Thermoplastic composites offer attractive advantages in terms of cost, recycling, and
performance and are the highest growing material for use in automotive plastics and/or
composites. Compared to thermosets, the benefits of thermoplastic composites include:

(1) enhanced ductility, fracture toughness, low notch sensitivity and superior impact

resistance;

(2) ability to be economically recycled and reused;

(3) enhanced environmental, moisture and corrosion resistance;

(4) unlimited shelf life of raw material;

(5) tailored product forms and processes to meet the needs of the application;

(6) elimination of exothermic reactions, toxic or solvent emissions, thereby making them

environmentally benign;

(7) adaptability to manufacturing for low as well as high volume;

(8) low tooling costs and rapid cycle times; and

(9) improved assembly and joining methods.

The material properties of typical thermoplastics are listed in Table 2.5.
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Table 2.5. Typical properties of thermoplastic resins (Vaidya, 2011)

Material Tensile Tensilei Melt flow | Melting point Density
(thermoplastics) modulus strength (yield) (g/10 min) O (g/em’)
(GPa) (MPa)
Polypropylene 1.5-1.75 28-39 0.47-350 134-165 0.89-0.91
Polyethylene 0.15 10-18 0.25-2.6 104-113 0.918-0.919
Polyurethane 0.028-0.72 5-28 4-49 220-230 1.15-1.25
Polyamide 0.7-3.3 40-86 15-75 211-265 1.03-1.16
Polyphenlene sulfide 3.4-43 28-93 75 280-282 135-1.43
Polybutylene Terephthalate 1.752.5 40-55 10 230 1.24-1.31
Polyetherketonetone 4.4 110 30 360 1.31
Polyetheretherketone 31-83 90-11 4-49.5 340-344 1.3-1.44
Polyether imide 27-6.4 100-105 2.4-16.5 220 1.26-1.7
Polyether sulfone 2.4-8.62 83-126 1.36-1.58 220 1.36-1.58
Polyether Terephthalate 2473 50-57 30-35 243-250 1.3-1.33

Natural rubber is an elastomer (an elastic hydrocarbon polymer) and a thermoplastic. However,
once the rubber is vulcanized, it will have turned into a thermoset. Most rubber in everyday use
is vulcanized. Thermoplastic elastomers, referred to as thermoplastic rubbers, are copolymers
(derived from a physical mix of polymers) which consist of materials with both thermoplastic
and elastomeric properties.

Composites

Composites are materials that combine two or more materials that have quite different properties.
When combined, composites offer properties which are more desirable than the properties of the
individual materials. The different materials work together to give the composite unique
properties, but they do not dissolve or blend into each other.

Composites can be categorized by the processing routes and the overall processing technologies
as shown in Figure 2.4. Most of the structural elements found in nature are composites, such as
wood, horn, and shells. Bio-composites include natural materials such as wood, but also include
artificial composites made with synthetic resins and reinforcing fibers such as jute, banana fiber,
coconut fiber, and bamboo fiber, etc. Carbon-carbon composites are made from carbon fibers
embedded in a carbon or graphite matrix. Ceramics, metals, and polymers are all used as matrix
materials in composites, depending on the particular requirements. The matrix materials are
reinforced by fillers in the form of single-crystal whiskers, platelets, long fibers, short fibers,
small particles, or precipitates (or a combination of any of these). Whereas metals and polymers
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are reinforced for increased strength and modulus, ceramics are reinforced to increase their
toughness and damage tolerance. Polymers are unquestionably the most widely used matrix
materials in modern composites. Although plastics have a poor strength-to-density ratio by
themselves, polymer matrix composites -- PMCs -- have advanced as structural materials while
offering many advantages over metal. PMCs amount to 75 percent of the world composite

market by value or by tonnage.
' Composites |
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Carbon-
Carbon
Composites

Matrix
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Figure 2.4. Classification of composites (by processing routes).
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Figure 2.5. Classification of composites by filler types.

Furthermore, composites can be categorized by filler types as shown in Figure 2.5. The matrix
materials are reinforced by fillers in the form of single-crystal whiskers, platelets, long fibers,
short fibers, small particles, or precipitates (or a combination of any of these). Particle-reinforced
composites are the cheapest and most widely used. They fall in two categories depending on the
size of the particles: large-particle composites (cermet, tire, concrete, etc.) and dispersion-
strengthened composites (thoria-dispersed nickel, sintered aluminum powder, etc.). Fiber-
reinforced composites are divided into two categories depending on the fiber length. These fibers
may be short or long, and they may be aligned in the directions where loading will be greatest, or
randomly oriented to give it equal strength in all directions. The properties of structural
composites depend on the properties of the constituents and the geometric arrangement of these
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materials. There are two types of structural composites, laminar composites and sandwich
panels. The fiber-reinforced polymer composites are the main interest in this review.

2.3. Fiber-reinforced polymer composites

FRP composites consist of a polymer resin matrix and fiber reinforcements. The fiber
reinforcement is the primary load bearing constituent of a composite. The stiffness and strength
characteristics of composites are dependent on the type and form of the fiber reinforcement used.
As a common characteristic, all reinforcing fibers exhibit high specific modulus (modulus of
weight ratio) and specific strength (strength to weight ratio). The matrix holds the fibers together
in a structural unit and protects them from external damage, transfers and distributes the applied
loads to the fibers, and in many cases contributes some needed property such as ductility,
toughness, or electrical insulation.

Fibers

Fibers are the principal load-carrying members in FRP composites. Fibrous reinforcement is so
effective because many materials such as glass and graphite are much stronger and stiffer in fiber
form than they are in bulk form. For very small diameters, the fiber strength approaches the
theoretical cohesive strength between adjacent layers of atoms; whereas for large diameters, the
fiber strength drops to nearly the strength of bulk glass. Fibers can be categorized in some groups
as shown in Figure 2.6.

Glass and carbon fibers are categorized into mineral fibers. E-glass is the most common
reinforcing fiber used today, which layman commonly and often mistakenly call “fiberglass,” as
in a “fiberglass boat Or “fiberglass insulation.” The principal advantages of E-glass fibers are
their low cost, high tensile strength, high chemical resistance, and excellent insulation properties.
However, they have higher density, low static fatigue resistance, low tensile modulus, and lower
fatigue strength than carbon fibers. Another drawback of E-glass is its high sensitivity to
moisture absorption and abrasion. The advantages of carbon fibers are their high modulus-to-
density ratio and strength-to-density ratio, very low coefficient of thermal expansion, high
fatigue strength, and high thermal conductivity. But the disadvantages are their low strain-to-
failure, low impact strength, and high electric conductivity. Typical polymer fibers are aramid
fibers, which are commonly known as Kevlar, a name trademarked by DuPont. Aramid fibers
have the lowest density and highest tensile strength-to-density ratio of currently available
reinforcing fibers. But their limitations are high cost, high moisture absorption, and low
compressive strength. The mechanical properties of typical fibers are listed in Table 2.6. Also,
Figure 2.7 shows the specific strength versus specific stiffness of some fibers.
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Figure 2.6. Classification of fibers.

Table 2.6. Typical properties of fibers (Mallick, 2010, Vaidya, 2011

Tensil Tensile Tensil Coefficient of
Material enstie strength enstie thermal Density
modulus . Strain . 3
(fibers) (GPa) (yield) %) expansion (g/em’)
(GPa) ’ (10°%/°C)
E-glass fiber 72.4 3.5 4.8 5 2.54
S-glass fiber 86.9 4.3 5.0 2.9 2.49
Pan-based carbon fiber 210-400 3.5-52 1.5-1.8 1.8
Pitch-based carbon fiber 370 1.9 0.5 2.0
Boron fiber 385 2.8 2.63
Basalt fiber 93-110 3.0-4.8 3.1-6.0
Kevlar 49 (aramid fiber) 131 3.62 2.8 1.45
o O Polyethylenc
& 25- o]
o Kevlar 49
X 201 . High-strength
= O's glass O “carbon
L=}
§ 1.5
; Boron O O
a 1.0 '-_ OE glass ngh-
< - modulus
;:: 05 :1__3 O Sieel carbon
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Figure 2.7. Specific strength versus specific stiffness of some fibers (Lukkassen, 2008).
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Fibers are produced as very small diameter continuous filaments, with the filament diameter
typically ranging between 2 to 20 pm. Since filaments are very fragile and difficult to handle,
fibers are treated as bundles of filaments. Untwisted bundles of filaments are called rovings in
the glass fiber industry and tows in the carbon fiber industry. Twisted bundles are called yarns. A
dry fiber preform is an assembly of dry fiber layers that have been pre-shaped to the form of the
desired product and bonded together using a binder resin.

Fiber reinforcements are available in a wide range of size and forms. The fiber aspect ratio (//d)
is defined as the ratio of fiber length (/) to fiber diameter (d). There are discontinuous and
continuous fibers. Discontinuous fibers are limited to the fiber aspect ratio of 2000. Short
discontinuous fibers have about 1-3 mm length, and long discontinuous fibers have 2-25 mm
length. Generally, for a fiber aspect ratio approaching 2000, the strength and stiffness of the
composite approach 80- to 90 percent those of continuous fiber-reinforced composites. The
forms of discontinuous fibers have short and long fibers, and aligned and random chopped strand
mats. Continuous fibers have unidirectional and multi-axial orientations. The forms for
continuous fibers are unidirectional or multi-axial laminates, woven, knitted, and braided fabrics.
continuous fiber mats have random swirl patterns. Figure 2.8 shows the classification of fabric
forms and Figure 2.9 shows the architecture of fabrics.

' Fabric Form |
' Discontinuous Fiber | ' Continuous Fiber |

X
™

Chopped

Continuous Unidirectional

Short LPng Strand Fiber Mat or Multiaxial Wovgn Knltt?d Braldgd
Fiber Fiber Mat (CFM) Laminate Fabric Fabric Fabric
(csm)

Figure 2.8. Fabric forms.
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Figure 2.9. Two-dimensional fiber architectures (Cox, 1997; Mallick, 2010): (a) bi-directional
plain weave, (b) bias braid (c) triaxial braid, (d) weft-knit, and (e) warp-knit.

Chopped fiber composites are used extensively in high-volume applications due to their low
manufacturing cost, but their mechanical properties are considerably poorer than those of
continuous fiber composites. Continuous fibers have unidirectional and multi-axial orientations.
They are used in highly loaded structural panels such as roof modules, hoods, rear carriers,
underbody parts, trailer liners, and CNG tanks. Although the continuous fiber laminate is used
extensively, the potential for delamination, or separation of the laminae, is still a major problem
because the interlaminar strength is matrix-dominated. Woven fiber composites do not have
distinct laminae and are not susceptible to delamination, but strength and stiffness are sacrificed
due to the fact that the fibers are not straight as in the continuous fiber laminate.

Woven fabric yarns accumulate stresses due to fiber waviness (undulation). As a result, their in-
plane properties, such as tensile strength, are lower than non-crimped (without undulation)
fibers.

Non-crimped stitch bonded fabrics offer greater flexibility compared to woven fabrics, especially
multiaxial (three plies or more) fibers, and are widely used in automotive parts. The
reinforcements in the form of biaxial, triaxial, and multiaxial fabrics exhibit up to 30-percent
higher tensile strength than woven fabrics. Multiaxial reinforcements can be engineered to meet
specific requirements and perform multiple tasks such as providing good surface finish, impact
and abrasion resistance, and structural integrity. Compared to 2D textile laminates, 3D weave
composites have superior through-thickness properties.
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Manufacturing processes

All composites manufacturing processes involve mixing the matrix material with the reinforcing
material. The choice of a specific fabrication method depends on the costs and on the technical
requirements of components to be produced. In order to guarantee economic production,
methods which provide a high throughput are absolutely necessary. High throughput can be
achieved by means of low clock times or by means of highly integrative parts. Table 2.7
compares the most commonly used composite fabrication processes available today, and
addresses their advantages, disadvantages, and cycle time.

One of the key aspects of processing thermoset and thermoplastic composites is the fiber length
scale. The fiber length determines whether discontinuous or continuous fiber processes apply to
the part under consideration. For short fibers (typically <3 mm in length), processes such as
injection molding may be suitable; for long fibers (3-25 mm in length), extrusion-compression or
sheet extrusion processes may be appreciate; while for continuous fibers or woven fabrics,
processing methods such as pultrusion, thermostamping, or compression molding would apply.
Some of the processing methods for thermosets and thermoplastics are reviewed below.

Thermoplastic-matrix composites currently used in the automotive industry are mostly reinforced
with E-glass fibers due to their low cost. Glass fibers are incorporated in the thermoplastic-
matrix in a variety forms, but randomly oriented short glass fibers are very common because they
can be processed by the traditional injection molding techniques. However, they are used in
semi-structural parts and functional parts. The use of continuous fiber reinforced thermoplastic-
matrix composites lags behind that of thermoset-matrix composites due to the high viscosity of
the liquid thermoplastics. The advantages of thermoplastic-matrix composites are their lower
processing time, weldability, higher damage resistance, and recyclability.

Short fiber thermoplastics (SFTs) contain fibers that are typically less than 1.0 mm long. Adding
short fibers to a polymer increases its modulus and heat deflection temperature, decreases its
coefficient of thermal expansion and mold shrinkage, and reduces the creep strain. SFTs are
processed by injection molding. Practically, the maximum weight fraction in injection molded
SFTs is limited to about 40 percent.
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Table 2.7. Comparison of the most commonly used composite molding processes (Das, 2001)

possible with thickness
control, more complex
parts possible with
vacuum assisted

necessary and the
possibility of voids
formation without vacuum
assisted

Molding Process Advantages Disadvantages Cycle Time
Prepreg Better resin/fiber control | Labor intensive for large | 5-10 hrs.
complex parts
Preforming Good moldability with Cost-effective only for 45-75 secs. (Compform
complicated shapes and large complicated shape Process)
the elimination of parts and large scrap 4-5 mins (Vacuum
trimming operation generated when fiber mats | forming)
used
RTM Inside and outside finish | Low viscosity resin 8-10 mins for large parts;

3-4 mins for vacuum
assisted

longer cure cycle time.

Liquid Compression Favored method for mass | Expensive set up cost for | 1-2 mins.
Molding production with high fiber | low production
volumes
SMC Cost effective for Minimum weight savings | 50-100 secs
production volume 10K- potential
80K /year.
RIM Low cost tooling where Difficult to control the 1-2 mins
prototypes can be made process
with soft tools
BMC Low cost base material Low fiber content, 30-60 secs.
randomly oriented, low
structural quality, poor
surface finish
Extrusion Compression Fully automated, variety | Not for surface finish parts | 3-6 mins
Molding of polymers and fibers can | without paint film or
be used with fiber similar process
volumes up to 60% by
weight
Structural Reaction Low tooling cost with the | Difficult to control the 4 mins
Injection Molding good surface finish process particularly with
capability low viscosity resin and

Long fiber thermoplastics (LFTs) contain randomly oriented fibers ranging in length from 5 to
25 mm. LFTs exhibit higher tensile modulus, tensile strength and impact strength than SFTs.
LFTs can be molded by injection molding, compression molding, or injection-compression
molding with using pre-compounded pellets, or by directly compounding the fibers.

Glass mat thermoplastics (GMTs) are available in sheet form. Polypropylene is the most
commonly used thermoplastic for GMTs. The fiber mat usually contains either randomly
oriented chopped glass fibers or randomly oriented continuous glass fibers. Also, oriented fiber
mats can be used. Compression molding is the common manufacturing process used for making

GMTs.

Glass fabric thermoplastics are commingled rovings of continuous glass filaments and
thermoplastics filaments that are woven into a two-dimensional fabric. Upon heating in the mold,
the thermoplastic filaments in the fabric melt and form liquid pools around the glass fibers.
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Laminated thermoplastic composites are made by stacking several layers of either unidirectional
continuous fiber “prepregs” or bi-directional fabric prepregs, heating the stack, and then
thermostamping the heated stack in a press. A prepreg is a fiber layer pre-impregnated with a

polymer.

Thermoplastic and thermoplastic-matrix composite parts can be joined together by mechanical
joining, adhesive and welding or fusion bonding. While mechanical joining and adhesive
bonding are the only options for joining thermoplastics or thermoplastics-matrix composite parts
to metal parts, welding can be used for joining one thermoplastic or thermoplastic-matrix
composite part to another. Mechanical joining includes bolted joints, threaded joints, screw and
snap fits.

Manufacturing of thermoset-matrix composites involves curing of the uncured or partially cured
thermoset resin. High cure temperatures are required to initiate and sustain the chemical reaction.
The time required to properly cure a part is called the cure cycle.

Compression molding is currently the most commonly used manufacturing process for producing
thermoset-matrix composite parts in automotive industry, because of its high production rate and
its ability to produce large size parts with complex shapes and automation. The compression
molding process uses sheet molding compounds (SMCs) as the starting material. SMC is a thin
ready-to-mold continuous sheet containing fibers dispersed in a thermosetting resin. Common
resins for SMCs are polyesters and vinyl esters. SMCs contain randomly oriented discontinuous
fibers, typically 25 mm long.

Resin transfer molding (RTM) is a liquid injection molding process that uses liquid resin
injection under pressure through either a stack of dry fiber layers or a dry fiber preform placed in
a closed mold cavity. Compared to the compression molding process, RTM has a very low
tooling cost and simple mold clamping requirements.

Reaction injection molding (RIM) is similar to injection molding except thermosets are used,
which requires a curing reaction to occur within the mold. First, two highly chemically reactive,
low-viscosity liquid chemicals are mixed together. The mixture is then injected into the mold
under high pressure using an impinging mixer. The mixture is allowed to sit in the mold long
enough for it to expand and cure. If reinforcing agents are added to the mixture, the process is
then known as reinforced reaction injection molding (RRIM). Common reinforcing agents are
glass fibers. This process is usually used to produce rigid foam automotive panels. A subset of
RRIM is structural reaction injection molding (SRIM), which uses a dry fiber stack or a preform.
The fiber stack is first arranged in the mold and then the polymer mixture is injection molded
over it. The most common RIM processable materials are polyurethane and polyurea.

Crash performance

The energy-absorption behavior of composites and their structural components is affected by a
number of factors. These factors may be broadly classified into composite materials and
properties, fabrication conditions, geometry and dimensions of the structural components, and
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test conditions. FRP composites are governed by the fiber materials, matrix materials,
fiber/matrix interface, and fiber content. Along with the fiber stacking sequence, fiber orientation
and fiber form are important factors. Geometry includes both the cross-sectional shape of a tube
(circular, square, or rectangular) and lengthwise shape (tapered or constant). Geometry may also
involve a trigging system, such as chamfering of a tube end, to initiate collapse. Testing
conditions specify the loading direction with respect to the components (axial or transverse) and
loading rate (static or dynamic). Most properties are highly temperature-dependent, and thus
temperature is also an important factor.

In the case of composite materials, internal material failure generally is initiated long before any
change in its macroscopic appearance or behavior is observed. The internal material failure may
be observed in many forms, separately or jointly, such as (1) braking of the fibers, (2)
microcracking of the matrix, (3) separation of fibers from the matrix form of debonding or/and
pull-out, and (4) separation of laminae from each other in a laminated composite (called
delamination), which are described in Table 2.8. The effect of internal damage on macroscopic
material response is observed only when the frequency of internal damage is sufficiently high.

Composite crush testing can be divided into three categories: coupon, element, and structure
testing. Coupons are small, inexpensive, and easily fabricated shapes; and coupon tests reveal the
mechanical properties of the composites. Elements are larger self-supporting specimens
including tubes, angles, and channels that incorporate realistic geometries used in many vehicle
structures; and element tests can evaluate the energy absorption capability and crashworthiness
of the composite elements. Structures are full-sized assemblies of elements that make up the
entire energy absorbing system of a vehicle.

Table 2.8. Description of internal failure types of FRP composites (Mamalis, 1998)

Failure type Description
Whenever a crack has to propagate in the direction normal to the fibers, fiber breakage will
Fiber breakage eventually occur for complete separation of the laminate. Fibers will fracture when their

fracture strain is reached. Its contribution to the total energy absorption is very small.

The matrix material surrounding the fibers has to fracture to complete the fracture of the
Matrix deformation | composite. Thermosetting resins are brittle materials and can undergo only a limited

and cracking deformation prior to fracture. Their contribution to the total energy absorption is relatively
insignificant.

During the fracture process the fibers may separate from the matrix material by cracks
running parallel to the fibers (debonding cracks). In this process, the chemical or secondary
Fiber debonding bonds between the fibers and the matrix material are broken. This type of cracking occurs
when fibers are strong and the interface is weak. Extensive debonding may contribute to
the increase of energy absorption.

Fiber pull-outs occur when brittle or discontinuous fibers are embedded in a tough matrix.
The fracture may be proceed by broken fibers, being pulled-out of matrix, rather than fibers
fracturing again at the plane of composite fracture. The fiber pull-outs are usually
accompanied by extensive matrix deformation.

Fiber pull-out

A crack propagating through a ply in a laminate may be arrested as the crack tip reaches
the fibers in the adjacent ply. Due to high shear stresses in the matrix adjacent to the crack
Delamination tip, the crack may be bifurcated and start running at the interface parallel to the plane of the
plies. These cracks are called delamination cracks. They absorb a significant amount of
fracture energy.
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Most members of the vehicle BIW (body-in-white) structure are thin-walled steel columns
because thin-walled columns have high-energy absorption capability in compression and impact
loading conditions. Composites are known as high SEA (specific energy absorption) materials.
Figure 2.10 shows the typical SEA values for some materials. It indicates that carbon FRP
composites have 3-10 times higher SEA than steel materials. The compression capability and
impact crashworthiness of FRP composite tubes are reviewed here.

Figure 2.11 shows the compression test of a tubular composite. An axial cross section of a
typical tubular specimen is shown in Figure 2.11(a). It has a 45° bevel at the top of the specimen
for triggering the stable crush mode. Figure 2.11(b) shows the stable crush behavior of the
specimen. It depicts the crushed displacement (d) and the sustained damage zone (). The load
versus displacement curve of the test is shown in Figure 2.11(c). The SEA is defined as the
energy absorption per unit mass of structural member. The total energy absorption (W) is
expressed as

W:jjpdx.

Then, the SEA can be obtained by

P
Apo

where 4 is the section area, p is the density, and ¢ is the aforementioned crush displacement.

The crush behavior of composite specimen can be generally classified as either stable or
unstable. Unstable crushing is characterized by an initial load peak followed by a sudden
catastrophic failure. In contrast, stable crushing is characterized by an increase in load until an
initial failure occurs. Ideal energy absorbing materials and structures should exhibit a constant
load versus crush displacement as shown in Figure 2.11(c). Unstable failure modes include
bucking, interpenetration, and barreling as shown in Figure 2.12.
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Figure 2.10. Typical values of SEA for some materials (Herrman, 2002).
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Figure 2.11. Tubular crash test (Courteau, 2011): (a) pre-specimen, (b) post-specimen, and (c)
load versus displacement curve of the test.
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Numerous failure modes can be observed to take place in a FRP composite structure during
stable crush. These failure modes are generally classified into four broad modes: (1) fiber
splaying and lamina bending, (2) fragmentation, (3) brittle fracture, and (4) folding.

Figure 2.13(a) shows a typical cross-section of a tube wall that has failed by fiber splaying. The
key characteristic of the fiber splaying mode is long (greater than laminate thickness)
interlaminar, intralaminar, and axial cracks that separate the fibers into bundles, referred to as
fronds. These fronds are divided and bent either to the inside or outside of the tube wall.

Figure 2.13(b) shows the fragmentation mode of a composite cross-section. The key
characteristic of fragmentation mode is the formation of short (less than laminate thickness)
interlaminar, intralaminar, and axial cracks. Figure 2.13(c) shows the brittle fracture mode of a
composite cross-section. This failure mode is essentially a combination of the fiber splaying and
fragmentation modes and has characteristics common in both. Figure 2.13(d) shows the folding
modes of a composite tube. The folding mode is analogous to the failure mode experienced by
metal tubes when in axial compression. Table 2.9 summarizes the failure modes of FRP

composites.

Table 2.9. Summary of failure modes of FRP composites (Courteau, 2011)

Fiber splaying

Fragmentation

Brittle fracture

Folding

Long axial cracks.
Fronds are developed

Short axial cracks.
Sections of structure

Intermediate length
axial cracks. Fronds

Plastic hinges are
formed locally.

Characteristics | but do not fracture. wall are sheared off. develop and fracture. | Inter-/intra-laminar
Small debris wedge No debris wedge Large debris wedge cracking occurs near
may be present. present. present. hinges.

Buckling and plastic

Failure Mode I and IT Fiber and matrix Mode I anq 11 deformation. Some

. fracture. Fiber and .
mechanisms fracture. fracture. . fiber and matrix
matrix fracture.
fracture.

Energy. Friction, crack Fiber and matrix FI'ICt'IOH, fiber and Deformation, fiber

absorption growth, frond matrix fracture, crack .

. . fracture. and matrix fracture.
mechanisms bending. growth.

(b)

—

Figure 2.12. Unstable modes of failure showing (Courteau, 2011): (a) buckling,
(b) interpenetration, and (c) barreling.
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Figure 2.13. Crush failure modes (Courteau, 2011): (a) fiber splaying, (b) fragmentation,
(c) brittle fracture, and (d) folding.

2.4. Automotive applications of plastics and composites

Plastic car bumpers and fascia systems

Front and rear bumpers became standard equipment on all cars in 1925. What were then simple
metal beams attached to the front and rear of a car have evolved into complex, engineered
components that are integral to the protection of the vehicle in low-speed collisions. Today's
plastic auto bumpers and fascia systems are aesthetically pleasing, while offering advantages to
both designers and drivers.

The majority of modern plastic car bumper system fascias are made of thermoplastic olefins
(TPOs), polycarbonates, polyesters, polypropylene, polyurethanes, polyamides, or blends of
these with, for instance, glass fibers, for strength and structural rigidity.

The use of plastic in auto bumpers and fascias gives designers a tremendous amount of freedom
when it comes to styling a prototype vehicle, or improving an existing model. Plastic can be
styled for both aesthetic and functional reasons in many ways without greatly affecting the cost
of production. Plastic bumpers contain reinforcements that allow them to be as impact-resistant
as metals while being less expensive to replace than their metal equivalents. Plastic car bumpers
generally expand at the same rate as metal bumpers under normal driving temperatures and do
not usually require special fixtures to keep them in place.

Some of the plastic products used in making auto bumpers and fascias can be recycled. This
enables the manufacturer to reuse scrap material in a cost-effective manner. A new recycling
program uses painted TPO scrap to produce new bumper fascias through an innovative and
major recycling breakthrough process that removes paint from salvage yard plastic. Tests reveal
post-industrial recycled TPO performs exactly like virgin material, thereby allowing the
convertion of hundreds of thousands of pounds of material destined for landfills into workable
grade-A material, and as a result reducing material costs for manufacturers.
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Car lighting systems

Plastics are rapidly updating car lighting systems. Glass headlight lenses have been virtually
replaced by transparent polycarbonate plastics. These plastics are designed to resist high levels of
heat, are shatter-resistant, and can be molded into almost any shape. With such design the risk of
igniting gas and other fumes during a collision is reduced. Additionally, this gives car designers
and engineers far more flexibility in the styling and placement of headlights. Plastics' versatility
also allows auto headlights to incorporate high-tech focusing designs in the lenses, providing the
benefit of increased highway safety.

Tail lights, turn signals, cornering lamps, back-up lights, and fog lights are all made of
polycarbonate plastics or, in some cases, acrylic plastics. These lenses have similar design and
engineering advantages as auto headlight lenses, and incorporate reflective optical surfaces too.
Major changes in the future of both head and tail light systems are imminent, with the
incorporation of plastic-based LED brake-light systems and “lightbox” systems, whereby an
easily accessible, single light source is used to provide exterior lighting for the car via acrylic
fiber-optic wires. The incorporation of "light box" LED car lighting technology will eliminate
the need for high-heat resistant plastics in auto lighting systems, allowing substitution for even
lighter plastic lenses that retain the ability to resist impacts.

Auto trim

Trim is an important operative and aesthetic component of car exteriors. Auto trim comprises
everything from mirror housings to door handles, side trim, wheel covers, and radiator grilles.
Today, auto trim parts depend largely on plastic to add functionality and decoration to a vehicle's
exterior. A variety of plastics are used in manufacturing exterior trim. Nylons, polystyrene,
polycarbonates, weatherable ASA/AES, PVC, polypropylene, polyesters, and urethanes are the
most commonly used plastics in these applications.

A number of important innovations have allowed manufacturers to save both time and money
when building exterior car trim parts. Mirror housings can now be in-mold painted, thanks to
weatherable ASA-AES plastics systems, which allow car manufacturers to save on painting costs
and eliminate the need for timing the cure of mirror housings with their painting on the
production line. Another noteworthy innovation is in plastic wheel covers. By using plastic
instead of metal to manufacture wheel covers, and then plating the plastic with a metallic finish,
manufacturers spend a fraction of the cost while making the plastic look like a metal alloy.
Engineers and consumers also enjoy the added benefits of weight reduction that go hand-in-hand
with a switch to plastics. Plastic has also led to innovations in pickup trucks as well. In addition
to the familiar truck bed liners, the entire pickup truck bed can be blow-molded from high-
density polyethylene.

Recent innovations and buying trends demonstrate a bright future for plastic in exterior
automobile applications because it is an excellent, cost-saving alternative to traditional materials.
Plastic's ability to reduce weight and improve efficiency provides environmental benefits while
maintaining safety. With high-mileage performance becoming an increasingly important issue to
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consumers and car manufacturers, plastics have an added advantage of making strong future
environmental achievements possible.

Auto upholstery

Urethane foams are the most common plastics used in auto upholstery cushioning. Recyclability,
combined with their ability to fulfill design and economic demands set forth by a manufacturer,
make them an ideal choice for car upholstery materials.

Recent innovations in cushioning technology now allow a manufacturer to save on the quantity
of urethane foam used in cushioning by injecting the foam with carbon dioxide to increase its
volume without sacrificing comfort levels; noise, vibration, and harshness (NVH) levels; or
flexibility on the assembly line. Arm rests, head rests, headliners and cushioned instrument
panels are all made with urethane foams. Thanks to efficient and cost-effective processes,
urethane foams can be recycled to make carpeting for cars, homes, and offices.

The carpet padding typically used in automobiles consists of a needled vinyl-based fiber that lies
between the floor panels and the carpet itself. Insulating carpet padding is especially important in
helping reduce NVH. A new process now allows for the use of polyurethane foam padding
between the carpet and the floor panel, which promises even greater reductions in NVH, a more
comfortable surface, and an improved fit and finish. Most importantly, however, is that it is a
cost-effective process easily adaptable to existing assembly lines and changes in model
specification.

Instrument panels

Traditionally, instrument panels were made from several separate components that needed to be
painted and that were all held together by a steel supporting beam that lay behind the panel.
Today, thanks to modern plastics technology, instrument panels are made of ABS, ABS/PC
alloys, polycarbonates, polypropylene, modified polyphenylene ether and styrene maleic
anhydride resins. These plastics allow for complex designs in items such as airbag housings;
center stacks for instrument panels; and large, integrated instrument panel pieces. They are also
used in manufacturing the rest of the automobile's interior trim. These plastics are also capable of
eliminating the need for a steel support beam, allowing manufacturers to save dramatically on

the cost of the instrument panel while substantially reducing its weight.

Wholly integrated single-piece units can be manufactured from all-urethane and all-
polypropylene resins. This results in a seamless instrument panel with greatly reduced NVH
levels, molded-in color and with significant cost savings for the manufacturer. Cost effective
post-consumer and in-plant recycling is also achievable.

Steering wheels

Steering wheels are made from either molded, pigmented vinyl resins or from RIM pigmented
urethane when a ductile material is required. Plastic has helped make possible modern interior
steering columns made from a variety of in-mold thermoplastic and metal components. The use
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of coils and magnets in modern steering columns requires an injected material that seals off
magnetic areas off all together, while ensuring limited interference with the magnetic fields. For
example, in the case of acetyl, its low friction, high strength, and naturally smooth finish make it
an ideal material to use in a steering column's switches, levers, and bearings. Similar metal
products can be made but are generally heavier and require extensive polishing to ensure the low
friction surface necessary for their smooth operation.

Air ducts

Heating and air conditioning ducts and consoles now provide temperature regulation to rear as
well as front passenger seats. The consoles themselves are typically manufactured from ABS
resins, as well as polypropylene and SMA resins. Both blow-molded and injection molded
polypropylene is used to manufacture the air ducts that feed the console outlets. The air ducts
themselves are complex and odd-shaped, yet at the same time lightweight and durable. They
would be difficult to reproduce using any other family of materials.

Other interior components

Other interior applications for plastic include seat bases, headliners, and load floors of GMT
composite (polypropylene/fiber glass); door trim panels of ABS or GMT composite; and rear
package shelves of PC/ABS or GMT composite materials.

Plastic has revolutionized the interior of a car. It has proven to be an ideal material for creating
comfortable, durable, and aesthetically pleasing interior components, while reducing NVH levels
from the interior of the car. Plastic's design flexibility helps manufacturers create innovative,
integral single-piece light weight components, while cutting costs, saving time, and helping
lessen the problems associated with vehicle redesign.

Structure

The world's second all-plastic vehicle, the Baja, has a plastic composite chassis. The vehicle is
ideal for off-road tropical environments where its composite body and chassis resist sand and
seawater. Its combined thermoplastic and thermoset skin and frame take advantage of plastic's
strength to manage energy, enabling it to pass both the United States' and the more stringent
European computerized crash tests. The chassis' light weight is a tremendous advantage to
manufacturers, since weight savings makes parts easier to transport. It also provides consumers
better fuel economy, and with the fuel savings that light weight brings, helps preserve resources
and protect the environment.

Since plastic and plastic composites have only recently been considered for use in frames, there
is not yet a track record as to what types may be best suited to these applications. Experiments
with plastic in frames may lead to future innovations enabling plastic to replace metal on a
broader scale.

Crash-absorbing foam is a well-tested application. Door panels are filled with rigid, energy-
absorbing polystyrene or urethane-based foam that acts as side impact absorbers, and help
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maintain a car's structural rigidity. These lightweight foams provide excellent energy
management capability during a crash.

A drive shaft helps transmit power from the engine of a car to an axle. Thanks to plastic's
excellent energy-management characteristics, a single-piece plastic-based drive shaft can help
reduce levels of NVH. Since a drive shaft runs the length of the underbody of a car, it also
behaves as a structural beam, helping to absorb energy in case of a collision.

Support

The development of integrated plastic-steel applications has led to making radiator support from
injection molded nylon that consists of a part with complex nylon contours, filled with a simple
central steel piece. Any extra strength and rigidity needed in non-steel embodied extremities of
the part is achieved by adding "ribs." Ribbing a flat surface can give that surface a tremendous
amount of strength. Thanks to plastics' design flexibility, many different types of ribbing can be
designed for a single piece, all with different important structural advantages.

A vehicle's chassis, as a term, also encompasses working parts exclusive of the body of a car.
This includes suspension systems and brakes.

Suspension

Suspension tubing and links connecting the suspension system to support structures use plastics'
strength and smooth surface with no need for machining or polishing. Additionally, plastics' light
weight successfully helps complete a suspension system that is strong and rigid, yet light in
weight and fully functional. Injection molded acetyl, nylon, and polypropylene are among the
plastics used to make these components.

Brakes

The braking system is one of the most important systems in a car. In certain situations, accident
prevention can be virtually impossible without fully functioning brakes. Modern braking systems
put thousands of pounds of pressure on each of the four brakes. Plastic helps make today's
braking systems possible. ABS housings are molded from plastic; and the electronic circuit
boards controlling the brakes are made of an efficient, flexible plastic. Plastic-based brake pads
are oftentimes made from a tough aramid fiber, employing the same material used to make
bullet-proof vests.

The chassis is fundamental to the proper functioning and safety of a car. Plastic is helping make
the chassis lighter, stronger, and more crashworthy, while reducing manufacturing costs,
integrating multiple components into single units, and substantially reducing NVH levels.

Transmission

Phenolic resins with glass fiber reinforcement have been used successfully to manufacture
stationary transmission parts with attached revolving rotors in revolutionary one-piece designs.
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The single-piece design replaces several separate metal components that would otherwise be
needed, resulting in a substantial reduction in assembly time and underscoring the outstanding
design efficiency attainable when using plastic.

Plastic can also be used to manufacture transmission oil screens and other components requiring
exposure to hot transmission oil. As with fuel tanks, plastic helps free designers from the space
constraints that arise with the use of sheet metals. The ability to design a transmission with few
design limitations allows design engineers to place transmission components in tight-fitting
spaces. This is especially important in front-wheel drive vehicles where several components
compete for a limited amount of space. The use of plastics in front-wheel drive transmissions
also helps lessen the weight in the front of the vehicle, improving vehicle handling.
Polyetherimide resins are used extensively in transmission sensors and valve solenoid
applications because of their resistance to high temperatures and creeping.

Plastic has found remarkable acceptance as a substitute for metal in transmission components.
Plastics offer engineers a variety of materials featuring an excellent combination of physical
properties, including heat and chemical resistance, high strength, impact strength and molding
ease. These performance characteristics can be tailored by materials suppliers to meet particular
needs. The use of additives, fillers, and reinforcements will vary the properties of a plastic to
meet specific customer requirements. Polyetherimide, for instance, is used extensively in
transmissions for its superior dimensional, heat, and creep performance, while a single piece of
nylon can replace several steel washers.

Plastics' light weight, durability, design flexibility, and uniform surface make them an ideal
family of materials to use in a power train. From reducing costs and weight, to dampening noise
and vibrations, plastics have been used to make single-piece clutch cylinders, shift control
cables, air intake manifolds, engine covers, accelerator and parking brake pedals, fuel system and
cooling system components, and gear-lever housing.

From housing and covers protecting gears and bearings, to the bearings themselves, specifying
plastic adds value by reducing weight and lowering assembly costs, while providing an
economical material capable of durable operation under the most strenuous of conditions.

A key factor behind the strong and steady growth of many of these plastics is recyclability. The
use of the large quantities of the same or similar materials greatly improves the economics of
recycling. As more plastics are used in automobiles, we are likely to see a trend towards the
increasing recycling of these plastics.

Drive shaft

The drive shaft connects a transmission to the differential. Thanks to plastic's excellent energy-
management characteristics, a single-piece plastic-based drive shaft can lead to a reduction in
NVH. Not only does this allow for a more pleasant driving experience, but by putting less stress
on connecting components it can help increase the life span of these components. Additionally,
this can help enhance passenger protection, by helping to manage energy in a collision.
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Fuel tank

For car fuel system components, plastic has several advantages that enable it to outperform
metals. Plastic frees engineers from the design constraints that metal imposes. The environment
benefits from plastic's light weight, which makes cars more fuel-efficient, and from innovative
techniques that minimize vapor emissions. And from a safety standpoint, rupture-resistant
plastics with high impact strength help in keeping a cars' fuel delivery systems leak-proof and
reliable.

Powertrain

Many of today's car engine components are plastic. From air-intake systems to cooling systems
to actual engine parts, plastic helps make engine systems both easier to design, easier to
assemble, and lighter in weight. Plastics' versatility has revolutionized car engine component
design.

There have been a lot of efforts to reduce the weight of automotive components using all kinds
of lightweight materials and new techniques. Table 2.10 summarizes vehicle components that
have seen mass-reduction innovations in material use or design in automotive applications. As
shown, there is a large array of different measures, big and small, being used to reduce
component mass within vehicles. The mass reductions are taken from many different sources,
many of them being automaker press release materials for the vehicle models that are distributed
for automobile shows and reviews. As enumerated in the table, there are many potential mass
reduction opportunities throughout the vehicles’ various components and systems that have been
used in production vehicles. However, there are countless other measures that are less publicized
and more subtle than those that are documented here. Some of the innovations (e.g., high-
strength steel in all body parts; aluminum engine and wheels) are relatively widespread, whereas
others are in lower volume production, are just emerging, or are relatively rare.
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Table 2.10. Component weight-reduction potential from technologies on production vehicles
(Lutsey, 2010)

Vehicle Weight Example automaker
Subcomponent New material or technique® | reduction E Source(s)
system (Ib)” (models)
Block Aluminum block 100 Ford (Mustang); most vehicles Tyell, 2010; Ford, 2010
Engine, housing, etc| Alum-Mg-composite 112 BMW (R6) Kulekei, 2008
Engine Smaller optimized molds (Al) 55 Toyota (Camry) Simpson, 2007
Valvetrain Titanium intake valves 0.74 GM (Z06) Gerard, 2008
Connecting rod (8) | Titanium 3.5 GM (Z06); Honda (NSX) Gerard, 2008
Driveshaft Composite 7 Nissan; Mazda: Mitsubishi ACC, 2006
Cradle system Aluminum 22 GM (Impala) Taub et al, 2007
i(;;&rier- Engine cradle Magnesium 11-12 GM (Z06) Gerard, 2008; US AMP, 200x
Intake manifold Magnesium 10 GM (V8); Chrysler Kulekei, 2008: US AMP
Camshaft case Magnesium 2 Porsche (911) Kukekei, 2008: US AMP
Auxiliaries Magnesium 11 Audi (A8) Kulekci, 2008
Qil pan Modular composite 2 Mercedes (C class) Stewart, 2009
Trans. housing Aluminum 8 BMW (730d); GM (Z06) Gerard, 2008
Trans. housing Magnesium 9-10 x\oi’v(ol.;a}:;:;h;l(l?iil :k:l;rg)edes; Kulekei, 2008; US AMP
Unibody design Vs. truck body-on-frame 150-300 Honda (Ridgeline); Ford; Kia; Honda, 2010; Motor Trend, 2009|
most SUV models
: . . Brooke and Evans, 2009;
Frame Aluminum-intensive body 200-350 Audi (TT, A2, A8); Jagu‘ar xJ); Autointel, 1999: EAA, 2007;
Lotus; Honda (NSX, Insight) Audi. 2010
Frame Aluminum spaceframe 122 GM (Z06) Taub et al, 2007
Panel Thinner, aluminum alloy 14 Audi (A8) Audi, 2010
Body Panel Composite 42 BMW Diem et al, 2002
and Doors (4) Aluminum-intensive 5.50 Nissan (370z); BMW (7); Jaguar | Keith, 2010; BMW, 2008; Birch,
closures (X)) 2010
Doors (4) New production process 86 Porsche (Cayenne) Stahl, 2010
Door inner (4) Magnesium 24-47 Kulekei, 2008; US AMP
Hood Aluminum 15 Honda (MDX); Nissan (370z) Monaghan, 2007; Keith, 2010
Roof Aluminum 15 BWW (7 series) BMW, 2008
Lift gate Magnesium 5-10 Kulekei, 2008; US AMP
Chassis Aluminum 145 Porsche (Cayenne) Carney, 2010
Chassis Hydroformed steel structure, 100 | Ford (F150) FordF150.net, 2010
tubular design
Ford (Thunderbird, Taurus);
Steering wheel Magnesium 1.1 Chrysler (Plymouth); Toyota Kulekei, 2008; Gerard, 2008
(LS430); BMW (Mini); GM (Z06)
S:;pcn. Steering column Magnesium 1-2 GM (Z06) friliepkd’ 2008; Gerard, 2008; US
chassis Wheels (4) Magnesium 26 Toyota (Supra); Porsche (911); Kulekei, 2008; US AMP
Alfa Romeo
Wheels (4) Lighterweight alloy, design 13 Mercedes (C-class) Tan, 2008
Brake system Heat dlssq?atlon, stainless steel 30 Audi (A8) Audi, 2010
pins, aluminum caps
Tires Design (low RR) 4 Mercedes (C-class) Tan, 2008
Suspension Control arms (2) 6 Dodge (Ram) SSAB, 2009
Seat frame (4) Magnesium 28 Toyota (LS430); Mercedes Kulekei, 2008; US AMP
(Roadster)
Chrysler (Jeep); GM; Ford ‘ ] ]
Instrument panel Magnesium 7-13 (Explorer, F150); Audi (A8); S;llel;%bioos’ US AMP; Taub
Interior Toyota (Century); GM ’
Dashboard Fiber-reinforced thermoplastic 18 VW (Golf) Stewart, 2009
ansole and ]n__]ectlon molded glass 5 Ford (Flex) Stewart, 2009
shifter reinforced polypropylene
Misc. Windows Design, material thickness 3 Mercedes (C-class) Tan, 2008
Running board Glass-reinforced polypropylene 9 Ford (Escape) Stewart, 2009

“ These technologies can include a change in design, a reduction in parts, a reduction in material amount, and use of various metallic alloys;
note that weight (Ib) and mass (kg) variables are used in this report. 1 kg = 2.205 Ib.

® Weight reduction estimates are approximate, based on media sources and technical reports

© A number of these models are not available in the U.S.; some model names have changed in recent product changes
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3. Basic Composite Mechanics

Basic composite mechanics are described in this chapter. This review refers to three particular
references (Gibson, 1994; Staab, 1999; Ugural, 1999). Some of the equations found in this
chapter are used in Chapter 6 to compare the composite test results with theoretical values. Later
in this chapter, some of the composite failure theories used in the LS-DYNA composite material
models are reviewed.

3.1. Stress-strain relationship

A general three-dimensional state of stress at a point in a material can be described by nine stress
components o;; (Where i,j=1,2,3), as shown in Figure 3.1. Corresponding to each of the stress
components, there is a strain component ¢; describing the deformation at the point. In
prescribing the most general stress-strain relationship at a point in an elastic material, each stress
component is related to each of the nine components by an equation of the form

o7 i (&11, €12, €13, €21, €22, €23, €31, €32, £33) (3.1)

where the functions f; may be nonlinear. For the linear elastic material, the most general linear
stress-strain relationship at a point in the material is given by the equations of the form

(911 Ci111 Ci122 Ciizz Ciizz Ciizz Ciraz o Ciazn Cranz Ciaza] f1ny
022 Co211 Ca222 Caz3z Caz23 Cozzz Coz13 Cozzr Coziz Cogaq| | €22
033 C3311 Cs322 Cs333 Cs323 Cs332 Cs313 Cs331 Cs312 Cs321 | 833
023 C2311 Ca322 Caz3z3 Cazz23 Caz3z Caz13 Cazzr Caziz Coszn €23

1032 2 = ... e |{ €32
013 €13
031 €31
012 E12
K021J [Co111 G122 Ca13z Cai2z Caizz Ca11z Caizr Cop1z Coqaqd k52({;2)

where [C] is a fully populated 9x9 matrix of stiffness or elastic constants having 81 components.
If no further restrictions are placed on the elastic constants, the material is called anisotropic and
Eq. (3.2) is referred to as the generalized Hooke’s law for anisotropic materials.

Both stresses and strains are symmetric (i.€., o;; = gj; and &; = ¢;;), so that there are only six
independent stress components and six independent strain components. This means that the
elastic constants must be symmetric (i.e., C;j=Cjiw and C;=C;i where i,j,k,/=1,2,3), and that the
number of non-zero elastic constants is now reduced to 36. These simplifications lead to a
contracted notation:

011=0] E117€1
022=0) &22=E2
033=03 £33=E3 (3~3)

-33 -
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023= 037=04 2e23= 2€30= y23= y30=¢€4
013= 031=05 2e13= 2831= Y13= Y3165
012= 021=0¢ 2¢e12=2¢e21= V12~ Y21=€6.

With this contracted notation the generalized Hooke’s law can now be written as
Ul:Cif Ejy i,j=1,2,...,6 (34)

and the repeated subscript j implies summation on that subscript. Alternatively, in the
generalized Hooke’s law can be written in matrix form as

{o}=[C]{e} (3.5)
where the elastic constant matrix or stiffness matrix [C] is now 6x6 with 36 components and the
stresses {o} and strains {¢} are column vectors, each having six elements. Alternatively, the
generalized Hooke’s law relating strains to stresses can be written as

e=Sij0j, iy=1,2,...,6 (3.6)
or in matrix form as

{e}=[S]{g} (3.7)

where [S] is the compliance matrix, which is the inverse of the stiffness matrix ([S]Z[C]fl).

Cy2

0713
G33

e
Figure 3.1. General three-dimensional state of stress.

The strain energy density function, W, is defined as

W=1/2C; (3.8)
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which satisfies the equation

0~=0W/0e=Cje;. (3.9)
By taking a second derivative of W, we find that

"W /dei0e=C; (3.10)
and by reversing the order of differentiation, we find that

"W /de;0e=Cj:. (3.11)

Since the result must be the same regardless of the order of the differentiation, C;=C;; and the
stiffness matrix is symmetric. Similarly, the compliance matrix is symmetric. Due to this
symmetric condition, only 21 of the 36 anisotropic elastic moduli or compliances are
independent in the form

C11 Gz Ciz Cyy Cis Cyg]
Czz Ca3 Czs Cys Cye
Cs3 C3s C35 Cgg

G = Cas Cas Cal ¢12)
SYM Css  Cse
C66_

As shown in Figure 3.2, unidirectional composite lamina has three mutually orthogonal planes of
material property symmetry (i.e., the 12, 23, and 13 planes) and is called an orthotropic material.
Unlike the anisotropic stiffness matrix, the form of the stiffness matrix for the orthotropic
material depends on the coordinate system used. The 123 coordinate axes in Figure 3.2 are
referred to as the principal material coordinate since they are associated with the reinforcement
directions, The stiffness matrix for a so-called specially orthotropic material associated with the
principal material coordinate is of the form

Ci1 Gz Cy3 0 0 0 ]
Cz C3 0 0 0
_ Cs33; O 0 0
Cij = Cas O 0 (3.13)
SYM Cse O
C66_




Investigation of Opportunities for Lightweight Vehicles Using Advanced Plastics and Composites

3,z

V

Figure 3.2. Orthotropic lamina with principal coordinate and non-principal coordinate.

which has only 12 nonzero elastic constants and 9 independent elastic constants. When the
material is in non-principal coordinate system, the stiffness matrix is of the same form as that of
the anisotropic material and is called generally orthotropic material.

It is convenient to relate the components of stiffness matrix to engineering moduli, such as the
Young moduli (E,, E, E3), Poisson’s ratios (vi2, vi3, v23) and shear moduli (G2, Gi3, G23). The
correspondences are

C11=E1(1-(E3/E2) V232)D

Cio=(Ez viotE; viz v3)D

Ci3=E3(vi2 va3t+ vi3)D

C22:E2(1-(E3/E1) V132)D

Cos=(E3/E1)(E1 va3t+Es viz vi3)D (3.14)
C33:E3(1-(E2/E1) V122)D

C44=G23

Css=G13

Ce6s=G12

with D'=1-2(Es/E1) vi2 va3 vi3- vi3(Es/E2)- va3*(Es/E2)- vi2*(Eo/E1). The compliance matrix can
be expressed in terms of the engineering moduli:
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1 Y _ Y1 g o 0]
V12 1 V32
& B 2 E 0 0 0
_ iz _Vas 1
s, =| B B B 0 00 (3.15)
Y 0 0 0o X o o
G2z
1
0 0 0 0 " 0
1
| 0 0 o 0 0

with v;/E;= v;/E; by the symmetry condition of the compliance matrix.

In most composites the fiber-packing arrangement is statistically random in nature, so that the
properties are assumed to be nearly the same in any direction perpendicular to the fibers (i.e., the
properties along the 2 direction are the same as those along the 3 direction), and the material is
transversely isotropic. For such a material, we would expect that C,,=C33, C1,=C3, Cs55=Cgs, and
that C44 would not be independent from the other stiffness. The stiffness matrix for a specially
orthotropic, transversely isotropic material is of the form

Ci1 Gz Cyp 0 0 0 1
Czz Cy3 0 0 0
_ Cyy 0 0 0
Cij = (Cz=Ca2)/2 0 0 (3-16)
SYM Cee O
C66_

which has 12 nonzero elastic constants and only 5 independent elastic constants. For the
engineering moduli in Eq. (3.15), we have G3=G,, E;=E3, vi= vi3 and v,3= v3;. In addition, we
have the relationship:

G3=E»/2(1+ v 37) (3.17)
When the material is isotropic and every coordinate axis is an axis of symmetry, then the
stiffness matrix is of the form
Ci1 Gz Cpp 0 0 0
Ci1 Gy 0 0 0
_ Ciq 0 0 0
Cu = (Cas = C12)/2 0 0 G18)
SYM (C11 —Cyp)/2 0
(C1 — Cy2)/2]

which has 12 nonzero elastic constants and only 2 independent elastic constants.
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The lamina is often assumed to be in a simple two-dimensional state of stress (or plane stress). In
this case the specially orthotropic stress-strain relationships with Eq. (3.15) can be simplified by
letting o3= 4= 05=0, so that

& Si1 S12 O 01
R SZl SZZ 0 ()} (319)
Y12 0 0 Sgel\T12

where the compliance S;; and the engineering constants are related by the equations

S]lzl/El

Szzzl/Ez (320)
S12=S21=-va1/Eo=- vi2/E;

866:1/G12-

Thus there are five nonzero compliance and only four independent compliances for the specially
orthotropic lamina. The lamina stresses in terms of tensor strain are given by

01 Qi1 Q2 O &1
{‘72} = [Q21 Qp O ]{52} (3.21)
T12 0 0 Qged V12

where the Q;; are the components of the lamina stiffness matrix, which are related to the
compliances and the engineering constants by

Q11=Szz/(sl 1322-3122)=E1/(1- Vi2 V21)

Q12=-S12/(S11822-S122)= vi2Eo/(1- vi2 v21)=Qa1 (3.22)
Q22=Sll/(sl 1322-3122)=E2/(1- Vi2 V21)

Qs6=1/Se6=G12

The stress-strain relationship in the generally orthotropic lamina in non-principal coordinates is

Oy §11 §12 §16 Ex
{ay} = 921 922 926 {83’ }
xy Qo1 Qsz Qeel V¥

(3.23)
with

Q11 = Qq;c05*8 + Q,,5in*0 + 2(Q4, + 2Qe)sin?Hcos?6

Q12 = (Qq1 + Quy — 4Q4e)sin?Acos26 + Q4,(sin* + cos*H)

Q,2 = Qq15in*0 + Qy,c05*8 + 2(Q4, + 2Q46)sin?Hcos?0 (3.24)
§16 = (Q11 — Q12 — 2Qg6)sinBc0s*d — (Qz2 — Q12 — 2Qg6)sin*Hcos

Q26 = (Q11 — Q12 — 2Qg6)sin*0c0s8 — (Qz2 — Q12 — 2Qe4)siNfcos>

Qo6 = (Qu1 + Q22 — 2Q12 — 2Q66)sin*Hc05?6 + Qg6 (sin*f + cos*H)

where 6 is the angle between off-axis coordinate and fiber orientation in Figure 3.2.
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where 6 is the angle between off-axis coordinate and fiber orientation in Figure 3.2.
3.2. Effective moduli of a continuous fiber-reinforced lamina

The simplest approach for determining lamina properties is based on assuming that each
constituent material is homogenous and isotropic. Consider a representative volume element
(RVE) of a lamina as shown in Figure 3.3. It is assumed that fibers remain parallel and that the
dimensions do not change along the length of the element. In addition, perfect bonding at the
interface is assumed. The matrix is assumed to be isotropic, but the fiber can be either isotropic
or orthotropic.

For a continuous fiber-reinforced lamina composite, the sum of the constituent volume fractions
must be unity:

n
I:ZVI. =v,+v,+V,

i=l1

Where n = the number of constituent materials, v; = V;/V. = volume fraction of the ith
constituent, V; = volume of the ith constituent, and V. = total volume of the composite, and v/,
vm, and v, are the volume fraction of the fiber, matrix, and voids, respectively, The
corresponding equations for weight fractions are

n
I:Zwi =w,+w,

i=1

where w; = W; /W, w,=W,;/W,, w,, =W,, /W, and W;, Wy, W,,, and W are the weights of
the ith constituent, fibers, matrix, and composite, respectively. Note that the weight of the voids
has been neglected here. Using Egs. (3.25) and (3.26), the composite density can obtain as

: Oc2

/" Matrix =
Oc¢j2
2 ‘ / ,EF iber ! Gos
1 Matrix Am
Ay
‘7_ Am

v

Figure 3.3. Representative volume element.
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pc = zpivi = pfvf +pmvm (3'27)

i=l1
or

1 1
) Z::I(Wi//?i) B (wf/pf)+(wm/pm)

P, (3.28)

where pi, p, pm, and p. are the densities of the ith constituent, fiber, matrix, and composite,
respectively.

Under assumptions about either stress or strains in the RVE which has been subjected to a simple
state of stress, volume-averaged stress, strain and displacement are obtained as

E:%Iaa’V:%J‘aa’A (3.29)
E:%J.ng:%J.gdA (3.30)
5‘:%]&1/:%[&1/1 (3.31)

where o = stress, ¢ = strain, 0 = displacement, /= volume, and 4 = area associated with the face
on which loading is applied. Combining the static equilibrium condition in longitudinal direction
with Eq. (3.29), we get

G A =5, A, 5,4, (3.32)

cl
Since the area fractions are equal to the corresponding volume fractions, Eq. (3.32) becomes

C,=0Cp v, +0,.V, (3.33)

cl

The one-dimensional Hooke’s law is
501 = Elgcl > Efl = E/'lgj'l > Eml = Emgml (334)
and Eq. (3.33) becomes

(3.35)
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It is assumed that the average strains in the composite, fiber, and matrix along the longitudinal
direction are equal:

Ea=En =5, (3.36)

ml
Substituting of Eq. (3.36) in Eq. (3.35) yields the equation for the longitudinal modulus

E=E,v,+E,v

m” m"*

Geometric compatibility requires that the total transverse composite displacement must equal the
sum of the corresponding transverse displacements in the fiber and the matrix:

8,=0,=0,,. (3.38)

c

The definition of normal strain is expressed as

00 =80l,, 5;‘2 =&pnLy, 82 = &l

c m

(3.39)

m

where L), Ly, and L,, are the transverse length of composite, fiber, and matrix, respectively. Then
Eq. (3.38) becomes

Eol,=&,L, +&,,L,. (3.40)
Since the length fraction must be equal to the volume fractions, Eq. (3.40) becomes

Epy =&V, + &V, - (3.41)
The one-dimensional Hooke’s law for the transverse direction is

o.,=kE¢,, &,,=E&, O0,=E¢,. (3.42)
Combining Egs. (3.41) and (3.42), we get

EE:Z = i: z v, + 22 v, (3.43)

If we assume that the stresses in the composite, fiber, and matrix are all equal, Eq. (3.43) reduces
to the inverse equation for the transverse modulus:

Ly (3.44)
E,, E

L
E2

m
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The Poisson’s ration is defined as

Using Egs. (3.36) and (3.41), Eq. (3.45) becomes
Vip SV V, V00, (3.46)

The shear modulus is defined as

G, =22 (3.47)
Ven
Using the approach similar to that which was used for the transverse modulus, Eq. (3.47)
becomes to the inverse equation of shear modulus:
v
LV (3.48)
G12 Gflz Gm

3.3. Analysis of laminates

Classical lamination theory (CLT) is used to analyze laminated plates. Figure 3.4(a) shows the
stress resultants and layer profile of laminated plates. Also Figure 3.4(a) defines the coordinate
system for the CLT.

Middle surface

'

2l -
=k |-
=

| i <
\
v v |

L] D
¥
< ™
3

(a) (b)

Figure 3.4. Laminated plates: (a) stress resultants, (b) layer profile.
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Assuming the state of plane stress in each ply and Kirchhoff deformation hypothesis that normals
to the middle surface straight and normal during deformation, the displacements can be
expressed as

u=u"(x,y) +28_w
ox
v=2"(x,y)+ 2% (3.49)
ov
w=w(x,y)
where u, v and w are the displacements in the x, y and z directions, respectively, and u° and +°

are the tangential displacements of the middle surface along the x and y directions, respectively.
The strain-displacement relations for the in-plane strains are

ou
g, =—=¢, +IK,
ox
ov o
£, =5= &, +zkK, (3.50)
_8_u+@_ 0 +zK
}/)Cy 6y ax }/Xy Xy

where the strains on the middle surface are

0 0 0 0
g)(::au 5 g)?:aL, 7/3y=6L+6L, (3'51)
ox oy oy  Ox
and the curvatures of the middle surface are
2 2 2
o =0W e S OW 0 (3.52)
: Ox oy ! Ox0y

Since Egs. (3.50) give the strains at any distance z from the middle surface, the stresses along
arbitrary xy axes in the £ lamina of a laminate may be found by substituting Eqgs. (3.50) into Eq.
(3.23) as follows:

7; =(Qz1 Qa2 gze 839+Z’Cy (3.53)

y
Fxy Qs1 Qsz Qe k Vy?y"‘Zny

{Ux} §11 §12 916 &7 + Zky
k
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where the subscript k refers the A" lamina shown in Figure 4.3(b). Using the static equilibrium
relationship, the stress resultants shown in Figure 3.4(a) can be obtained. The force per unit
length and the moment per unit length are given by

N = l_/l.zaxdz = ﬁ{ j(a )kdz} (3.54)

—t/2 k=l |z,

M, = lfaxzdz = ﬁ{ j(a )kzdz} (3.55)

—t/2 k=1 Zp_

where ¢ = laminate thickness, (o), = stress in the K lamina, and z; = corresponding distance from
middle surface to outer surface of the k™ lamina, as shown in Figure 3.4(b). Substituting
Eq. (5.53) into Egs. (3.54) and (3.55) and combining terms, we get

N, =A4,& + Alzg;) + Aléyfy +B, Kk, + Bk, + Bk, (3.56)
M_ =B, ¢’ +Blzg§ +Bmy§y +D,k, + Dk, + Dk, (3.57)

where the extensional stiffness is expressed as

4; = I(Q/ )kdz = ZA_[:(Q/ )k(zk _Zk—l)’ (3.58)

the extension-bending coupling stiffness is

t/2
1 N

8,= [0, ) == 310, )¢ -=1..) (3:59)

—1/2 k=1

and the bending stiffness is

t/2
1 N

D; = J(Q/ )kZZdZ ZEZ(Q )k(Zi —22-1)-

—t/2 k=1
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The complete set of the force-displacement equations can be expressed in matrix form as

Nx All A12 Alﬁ Bll BIZ B16
N}’ A12 A22 A26 BIZ B22 826
ny A16 A26 A66 Bl() BZG B66
Mx Bll BIZ Bl6 Dll D12 D16
M)’ B12 B22 BZ6 D12 D22 D26
Mxy _Blé BZé Bﬁé D16 D26 D66

N, 4, 4, Ag¢l|€ 3
N, =4, Ay Ay 83
N X A Ay Ag ||V )(c)y

M M
S < o % o

DS
.8

(3.61)

a and the corresponding inverted force-displacement relationships are

-1

‘93 4, 4, A4 N, 45, A
2 ,3 =4, 4y A26 N y (T Allz A2’2
Y )(r)y A Ay Ag N Xy Alls A2’6

'
Al 6
i
A26
'
A66

(3.62)
N)C
N, (3.63)
N,

The effective longitudinal Young’s modulus of the laminate governs the response of the laminate
under the single axial load per unit length N, with N,=N,,=0 and is defined as

o
E ==
xg()

X

_ N ]

_Alrle E

(3.64)

Similarly, the effective transverse Young’s modulus, the effective in-plane shear modulus, and

the effective laminate longitudinal Poisson’s ratio are

E_i_NY/I_ 1

Pe) ALN,

v

I Nyt 1

G, = =
Y 0 ’
}/xy A(;G ny tA(;G

(3.65)

(3.66)




Investigation of Opportunities for Lightweight Vehicles Using Advanced Plastics and Composites

!
__A12

V —_
xy y 2
Al 1

(3.67)

respectively.

3.4. Composite failure theory

Four composite failure theories, which are implemented in LS-DYNA material models, are
described. X;, X., Vi, Y. and S are longitudinal tensile strength, longitudinal compressive strength,
transverse tensile strength, transverse compressive strength, and shear strength, respectively,
which are obtained from material strength measurement.

Tsai-Wu failure criterion

The Tsai-Wu (Tsai & Wu, 1971) theory is an interactive criterion because it predicts the failure
load by using a single quadratic polynomial equation involving all stress components. Tsai-Wu
failure criteria is expressed as

F 0! +2F,0,0,+F,0:+F,t)+Fo, +F,0,=1 (3.68)
where
1 1 1 1 1 1 1
FFY—?an:?—?a FIIZX—XﬂFZZZY_Y”F%:?’ (3.69)

and F; = experimentally determined .

Hashin failure criterion

The Hashin (1980) theory is a separate mode criterion because it separates the matrix failure
criterion from the fiber failure criterion. The Hashin failure criterion in plane stress condition is
expressed as

e Tension fiber mode (o, > 0):
2 2
o +£&J 1, (3.70)
X, S
e Compression fiber mode (o, <0):

9y, (3.71)
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e T Tension matrix mode (o, >0):

022 2';22_
EZ}+(SJ‘L (3.72)

e Compression matrix mode (o, <0):
2 2 2
) (X} O[T o (3.73)
28 28 Y, S

Chang-Chang failure criterion

The Chang-Chang theory (Chang, 1987a, 1987b) is also a separate mode criterion. In plane
stress, the nonlinear shear strain is given in terms of the stress as

1
Y2 = G_le +ary, (3.74)

12
and the fiber matrix shearing term augments is defined as

712 2
T 3
J.O_lzd712 2 +*a7142
T = 7?‘2 = ;2 3 (3.75)
4
J.O_lzd%z 2G,, +ZQ’S

0

where y/, is the ultimate shear strain and « is the nonlinear shear stress parameter. If =1, then
Eq. (3.75) becomes

__riz
T_(S]. (3.76)

Then the Chang-Chang failure criterion is expressed as

e Matrix cracking failure (tension):

(ﬁJ 4T =1, (3.77)

t
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e Fiber-matrix shearing and fiber breakage (tension):
2
o, _
— | +7=1, 3.78
Compressive failure was predicted by the Hashin failure criterion, which has the form

e Compression matrix failure:

(ﬁj {( Yj _1]2+f= | (3.19)
28 28 Y,

MLT (Matzenmiller, Lubliner, and Taylor) failure criterion

This theory (Matzenmiller, Lubliner, & Taylor, 1995) is also a separate mode criterion. Based
on physical reasoning and due to limited material data, the contribution of distinct invariants to
the various failure criteria is considered as insignificant (Matzenmiller, & Schweizerhof, 1991).
So, the Hashin failure criterion in plane stress condition is reduced to the following simple
forms:

e Tension fiber mode (o, >0):

2
0,
L =1, 3.80
e Compression fiber mode (o, <0):
2
o,
— | =1, 3.81

e Tension matrix mode (o, >0):

0, 2 T 2_
(7[) {SJ iy (3.8

e Compression matrix mode (o, <0):

0, 2 T 2_
(TCJ {Sj _1 (3.83)
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4. Numerical Analysis of Composites Using LS-DYNA

The LS-DYNA hydrocode is a well-known computer-aided engineering program and provides
many features to analyze composite materials. In this chapter, the basic keywords and composite
material models of LS-DYNA for composite analysis are described as based on the references
(Hallquist, 2006, 2009). Later, the FE modeling approaches of composites are described.

4.1. Basic keywords for composite analysis

*CONTROL_ACCURACY

As the solution progresses and the elements rotate and deform, the material coordinate system is
automatically updated. The orientation change of the material coordinate system can be very
sensitive to in-plane shearing deformation and hourglass deformation of orthotropic elements. In
that sense, the node numbering order in elements can affects the material coordinate system as
illustrated in Figure 4.1. In order to minimize this sensitivity, the INN option needs to be invoked
for composite material models.

e INN: Invariant node numbering for shell and solid elements (1 = off, 2 = on for shell
elements only, 3 = on for solid elements only, 4 = on for both shell and solid elements)

y .

3 4 3

X X
2 1 2

3 X 2 3 X/9 & T 2 3 ' 2
y : '
y

1 4 1 ' 1

4 4 1 4

(a) (b)
(b)
Figure 4.1. Description of invariant node numbering (INN) option in *CONTROL ACCURACY
(Livermore Software Technology Corporation, 2012): (a) without INN, (b) with INN.

*CONTROL_SHELL

The use of the laminated shell theory (LST) is important if a composite shell has layers. In order
to invoke LST for material models 22, 54, 55, and 76, the LAMSHT option needs to be set to on.
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e LAMSHT: Laminated shell theory option (0 = off, 1 = on)
*PART_COMPOSITE

This keyword is to define the user-defined integration points in the through-thickness direction.
For composites, this keyword is used to define the composite layers, their thickness and offset
angle (BETA). Basically, *PART _COMPOSITE replaces *INTEGRATION_ SHELL in version
970. An example of using this keyword is shown in Figure 4.2.

4.2. Composite material models

LS-DYNA provides several composite material models as listed in Table 4.1. Each material
model is limited by element type, degradation law, and so on. The degradation law of continuum
mechanics can be divided into two categories; progressive failure model (PFM) and continuum
damage mechanics (CDM) model. PFM use a ply discount method to degrade elastic properties
of the ply from its undamaged state to a fully damaged state. CDM describes the gradual
deterioration of the elastic properties of a material.

182=-9
§$=(025-91/9=-9722

WF=5/18=.02778

i

Z Coordinate

“/7 Integration Point

Foam Core

16 mm

Plastic Outer
Layer

Sandwich Composite Material Cross-Section Example

(2)

*PART_COMPOSITE
$ pid, elform

i, &
.25
{ mn $ mid, thick, beta,,mid,thick,beta
0 X y 11, 0.5,,, 11, 0.5
i Plastic Outer 12, 4.0,,, 12, 4.0
. Layer 12, 4.0,,, g, 4.0
7 1, o0.5,,, 11, 0.5
Smm —1mm

*mat layered linear plasticity
1PN T e=6 ;873 34780232, 81 a9

Total Sandwich
Composite thickness
is 18 mm
$ NOTE: foam core could use a different

$ material model (971)
*mat_layered linear plasticity
W, G.32=7, 0265, 0.5, ek

*ELEMENT_ SHELL

Figure 4.2. Usage of *PART COMPOSITE (LSTC, 2012): (a) layer profile, (b) example.

Defining principle material axes

In general, composite materials are anisotropic. So, it is crucial to determine the material
directions in the numerical model appropriately. Defining principle material directions is
illustrated in Figure 4.3. The a-b-c coordinate system is referred to as the material directions.
There are five material axes options (AOPT). Two options (AOPT=1.0 and 4.0) are only
available for solid elements. After the a-b-c¢ system is defined by the AOPT options, it can be
offset by an offset angle (BETA) about the c-axis. This option is available in material model

keywords.
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For solids, define
vectors a and d

c=axd
7 b=cxa
~ h_- b
d  For shells. define
n vector a
" 3 ¢c=n
a b=cxa
”_’\L a a=hxe
AOPT=0.0 AQPT=2.0
(b) d parallel to z-axis @
a 8 3
b P N
4 - Y
K -7
_ ! \T/‘___ |
| WE nl2 |
: | - \\\.J
A" _ -
70 -7
SL--—
define point p 5

a is vector from pto
to element center

define vector v

c=n
X c=axd n is normal to shell element  a=vxn
P b=cxa or mid-plane of brick b=nxa
AOPT=1.0 AQPT =3.0
(® v axis of radial
A symmetlry b
a define point p and vector v
¢ is the radial axis through
¢ the element center
aA=VXC
b=cxa
p
AOPT =4.0

Figure 4.3. Options for defining principle material axes: (a) AOPT=0.0, (b) AOPT=1.0 for solid
elements, (c) AOPT=2.0, (d) AOPT=3.0, (¢) AOPT=4.0 for solid elements (Hallquist, 2009).

Table 4.1. Composite material models in LS-DYNA

MAT title solid :E;rlll tslllllglli degradation law
22 *MAT COMPOSITE DAMAGE 0 0 0 progressive failure
54/55 *MAT ENHAMCED COMPOSITE DAMAGE 0 progressive failure
58 *MAT LAMINATED COMPOSITE FABRIC 0 0 damage mechanics
59 *MAT COMPOSITE FAILURE option MODEL 0 0 progressive failure
116 *MAT COMPOSITE LAYUP 0 no failure
117 *MAT COMPOSITE MATRIX 0 no failure
118 *MAT COMPOSITE DIRECT 0 no failure
158 *MAT RATE SENSITIVE COMPOSITE FABRIC 0 0 damage mechanics
161 *MAT COMPOSITE MSC 0 damage mechanics
162 *MAT COMPOSITE MSC DMG 0 0 damage mechanics
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*MAT_COMPOSITE_DAMAGE (MAT?22)

MAT?22 is an orthotropic material with optional brittle failure for composites. Chang-Chang
failure criterion, which is described in Chapter 3.4, is implemented for brittle failure. Laminated
shell theory can be activated to properly model the transverse shear deformation by turning on
LAMSHT in *CONTROL SHELL. MAT22 can be used with both solid and shell elements. The
variables of MAT22 are listed in Table 4.2. Typically, MAT22 is used to model thick composite

structures with solid elements (Sevkat, 2008; Zhang, 2008; Chatiri, 2009).

Table 4.2. Variables of MAT22

1 2 3 4 5 6 7 8
Cardl MID RO EA EB EC PRBA PRCA PRCB
Card2 GAB GBC GCA KFAIL AOPT MACF
Card3 XP YP 7P Al A2 A3
Card4 Vi V2 V3 DI D2 D3 BETA
Card5 SC XT YT YC ALPH SN SYZ SZX

MID: material identification

RO: mass density

EA, EB, EC: E,, Ey, E., Young’s modulus in a-, b-, e-direction
PRBA, PRCA, PRCB: vy, Vs, Vep, Poisson ratios

GAB, GBC, GCA: G, Gy, G.,, shear modulus

KFAIL: bulk modulus of failed material (solid elements only)
AOPT: material axes options

MACF: material axes change flag for brick elements

XP, YP, ZP: coordinate of point p for AOPT=1

Al, A2, A3: coordinate of point a for AOPT=2

V1, V2, V3: coordinate of point v for AOPT=3

D1, D2, D3: coordinate of point d for AOPT=2

BETA: material angle in degrees for AOPT=3

SC: shear strength

XT: longitudinal tensile strength

YT: transverse tensile strength

YC: transverse compressive strength

ALPH: nonlinear shear stress parameter

SN: normal tensile strength (solid elements only)

SYZ, SZX: transverse shear strength (solid elements only)

*MAT_ENHANCED_COMPOSITE_DAMAGE (MATS54 and MATSS)

MATS54 and MATSS are enhanced versions of MAT22. Laminated shell theory can be activated
by turning on LAMSHT in *CONTROL SHELL. MAT54 adopts the Chang-Chang failure
criterion, in which the matrix failure criteria are the same as Eqgs. (3.77) and (3.79), but the fiber

failure criteria are modified as

e Fiber tensile mode:

2
o, _
— | +p47 =1,
(5]
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e Fiber compressive mode:

2
Rl Rt
Xt

If a =1 and f = 1, the Chang-Chang failure criterion becomes the Hashin failure criterion, which
is described in Chapter 3.4. In MATSS, the tensile and compressive fiber modes are treated as in
Chang-Chang failure criterion shown above. The failure criterion for the tensile and compressive
matrix modes is given as

2 2
RN (1 L o, =1.
vy, \s) \y v,

which is the Tsai-Wu failure criterion described in Chapter 3.4. Only shell elements can be used
with these material models. The variables of MATS54 and MATSS are listed in Table 4.3.MAT54
was used in the numerical analysis of textile composites in crush tests (Bisagni, 2005; Han,2007;
Zarei, 2008; Huang, 2009; Deleo, 2010; El-Hage, 2010) and local impact tests (Cheng, 2008;
Heimbs, 2009; Li, 2009). MATS55 was also used to simulate crush tests of fiber-reinforced
composites (Mamalis, 2005).

Elements in MATS54 can fail in several ways: due to time step criterion (TFAIL), due to effective
strain (EFS), or all integration points having failed by the way of reaching any of strain values
(DFAILM, DFAILS, DFAILT, DFAILC). If DFAIL values are specified, a layer (an integration
point) is elasto-plastic after the stress reaches the strength until failure occurs (stress drops to
zero) at the DFAIL value of strain. If DFAILT is given, DFAILC should be given. Otherwise
DFAILC will be taken as zero and the integration point will be failed immediately if fibers get
any non-zero compressive strain. If DFAIL is zero, the behavior is elasto-brittle (stresses drop to
zero) in fiber tension whereby integration points fail when the stress reaches the stress-based
failure criterion. For other modes, the behavior is elasto-plastic. The crash-front algorithm
(SOFT) is invoked only if TFAIL > 0.

Table 4.3. Variables of MAT54 and MATS5S

1 2 3 4 5 6 7 8
Cardl MID RO EA EB PRBA
Card2 GAB GBC GCA AOPT
Card3 Al A2 A3 MANGLE
Card4 Vi V2 V3 DI D2 D3 DFAILM | DFAILS
Card5 TFAIL ALPH SOFT FBRT YCFAC | DFAILT | DFAILC EFS
Card6 XC XT YC YT SC CRIT BETA

MANGLE: material angle in degrees for AOPT=3

DFAILM: maximum strain for matrix straining in tension or compression (only for MAT54)

DFAILS: maximum shear strain (only for MAT54)

TFAIL: time step size criteria for element deletion

SOFT: softening reduction factor for material strength in crash-front elements

FBRT: softening for fiber tensile strength

YCFAC: reduction factor for compressive fiber strength after matrix compressive failure (only for MAT54)
DFAILT, DFAILC: maximum strain for fiber tension, compression (only for MAT54)

EFS: effective failure strain (only for MAT54)
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XC: longitudinal compressive strength
CRIT: failure criteria (54=Chang-Chang failure criterion, 55=Tsai-Wu criterion for matrix failure)
BETA: weight factor for shear term in tensile fiber mode (only for MAT54)

*MAT_LAMINATED COMPOSITE_FABRIC (MATSS)

MATSS is a so-called elastic damage model. The main difference of MATS58 to MAT54 lies in
the smooth increase of damage. The constitutive matrix is a function of damage parameters
(Matzenmiller, Lubliner, & Taylor 1995; Schweizerhof, Weimar, Miinz, & Rottner, 1998). The
MLT failure criterion described in the chapter 3.4 is used. Only shell elements can be used with
MATS58. The variables of MATS58 are listed in Table 4.4. MATS58 was used in the numerical
analysis of textile composites in crush tests (Xiao, 2009, Xiao, McGregor, Vaziri, & Poursartip,
2009; Xiao. Botkin, & Johnson, 2009) and local impact tests (Littell, Binienda, Roberts, &
Goldberg 2008; Littell, Binienda, Arnold, Roberts, & Goldberg, 2009; Roberts, Goldberg,
Binienda, Arnold, Littell, & Kohlman, 2009; Goldberg, Blinzler, & Binienda, 2010).

ERODS, maximum effective strain, controls the failure of an element layer. The layer in the
element is completely removed after the maximum effective strain is reached. SLIM**, stress
limits, are factors to limit the stress in the softening part to a given value,

o = SLIM** x strength .

When SLIM** is 1.0, the stress remains at a maximum value identical to the strength (XC,XT,
YC,YT,SC), which is similar to ideal elasto-plastic behavior. With small values, it is similar to
elasto-brittle behavior. The shear strain values (GAMMA1, GMS) are engineering shear strains,
i.e., twice the tensorial shear strain. The crash-front algorithm (SOFT) is invoked only if
TSIZE > 0.

Table 4.4. Variables of MAT58

1 2 3 4 5 6 7 8
Cardl MID RO EA EB PRBA TAUI1 GAMMAL
Card2 GAB GBC GCA SLIMT1 SLIMCI | SLIMT2 | SLIMC2 SLIMS
Card3 AOPT TSIZE ERODS SOFT FS
Card4 XP YP 7P Al A2 A3
Card5 Vi V2 V3 DI D2 D3 BETA
Card6 El1C E1IT E22C E22T GMS
Card7 XC XT YC YT SC

TAUL: 1,, stress limit of the first slightly nonlinear part of the shear stress versus shear strain curve
GAMMAL: v, strain limit of the first slight nonlinear part of the shear stress versus shear strain curve
SLIMT1: factor to determine the minimum stress limit after stress maximum (fiber tension)
SLIMCI: factor to determine the minimum stress limit after stress maximum (fiber compression)
SLIMT?2: factor to determine the minimum stress limit after stress maximum (matrix tension)
SLIMC2: factor to determine the minimum stress limit after stress maximum (matrix compression)
SLIMS: factor to determine the minimum stress limit after stress maximum (shear)

TSIZE: time step for automatic element deletion

ERODS: maximum effective strain for element layer failure

FS: failure surface type

BETA: material angle in degrees for AOPT=3
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E11C, E11T: strain at longitudinal compressive, tensile strength, a-axis
E22C, E22T: strain at transverse compressive, tensile strength, b-axis
GMS: strain at shear strength

MATS8 with FS=0 is appropriate for unidirectional layered composites only. Loading surfaces
are defined as

2
O-l __ . longitudinal _ 0

Pt = 1!
longitudinal (1 _ wlc’t )2 XCZt ct

0'22 2_2
o2 T 2oz Tex
(l_wzc,t) Yc,l (I-@,)"S

transverse 0

f;mnsverse -

where subscripts ¢ and ¢ are compression and tension, @,, @,, and @, is the damage
parameters, and /"¢ and ;7" are damage thresholds. The damage thresholds take an

initial value of 1 when the material is undamaged, and they increase with damage.

MATS8 with FS=1 or FS=—1 is favorable for complete laminates and fabrics, as all directions
are treated in a similar fashion. When FS=1, Eq. (4.5) is changed to

2 2
Gl T longitudinal __ O

+ et
(l_wlc,z)int (l_wlz)zs2 ’

ﬁnngitudinal =

When FS=—1, Eq. (4.5) is same but Eq (4.6) is changed to

2
f O-2 rtransverse _ 0
transverse -

= 2v2 et
(I_ZUZC,I) )Ic,t ‘

and a loading surface in shear mode is added as

2
T shear
f:vhear - -r =0

T (-@,)’S?
With FS=—1, TAUI and GAMMAI are used to describe a nonlinear shear stress-strain curve.
*MAT_COMPOSITE_FAILURE option MODEL (MATS59)

MATS9 can be used with both solid and shell elements. The option in the keyword is the choice
of element types; SHELL or SOLID. The failure criterion of MATS59 for shell elements is
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4o, - (x, - X,)2F 4o, (¥, -1,)2] +(Glzj2+(&j2+(%jz 1 (4.10)

(X, +x. ) (¥, +7) S S S

which is similar but not identical with the Tsai-Wu failure criterion. Particularly, it does not
contain a coupling term between the orthotropic directions (Schweizerhof, Weimar, Miinz, &
Rottner, 1998). The failure criterion of MATS59 for solid elements has 8§ modes:

e Longitudinal tension mode:

2 2 2
O (P 4| %]
Xt Sba Sca

e Transverse tension mode:

2 2 2
2 + ﬂ + & =1
Yt Sba Scb

e Through-thickness shear mode (longitudinal):

2 2
o) L [%% ] 4
Xt Sca

e Through-thickness shear mode (transverse):

2 2
2 + & =1
Yt Scb

e Delamination mode (through-thickness tension):

2 2 2
i + & + & =1
Z t Scb Sca

e Longitudinal compression mode:

2
o)
XC

e Transverse compression mode:
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e Through-thickness compression mode:
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The variables of MATS59 are listed in Table 4.5. MATS59 was used to conduct impact tests of
thick composite structures with solid elements (Fawaz, Zheng, & Behdinan, 2004: Menna,
Asprone, Caprino, Lopresto, & Prota, 2011) and to simulate a crush test of a braided composite
(Zeng, Fang, & Lu, 2005).

()

The tensile stresses in the softening part are given as

o1t = (I_SF) X Xt

o2 =(1-SF) x Y, .

If the softening factor (SF) = 0, this results in a fully elasto-plastic behavior with the initial
strength values. When SF = 1, all tensile strengths drop to zero after failure, and then only
compressive loads and shear can be carried after the corresponding failure. The reduction factor
(SR) reduces the strength values.

Table 4.5. Variables of MAT59

1 2 3 4 5 6 7 8
Cardl MID RO EA EB EC PRBA PRCA PRCB
Card2 GAB GBC GCA KF AOPT MACF
Card3 XP YP ZP Al A2 A3
Card4 Vi V2 V3 D1 D2 D3 BETA
for shell option
Card5 TSIZE ALP SOFT FBRT SR SF
Card6 XC XT YC YT SC
for solid option
Card5 SBA SCA SCB XXC YYC 77C
Card6 XXT YYT 77T

ALP: nonlinear shear stress parameter

SR: s,, reduction factor

SF: s¢, softening factor

SBA: in plane shear strength

SCA, SCB: transverse shear strength

XXC, XXT: longitudinal compressive, tensile strength a-axis
YYC, YYT: transverse compressive, tensile strength b-axis
Z27C, ZZT: normal compressive, tensile strength e-axis
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*MAT_COMPOSITE_LAYUP (MAT116)

This material is for modeling the elastic responses of composite layups. A pre-integration is used
to compute the extensional, bending, and coupling stiffness for use with the Belytschko-Tsay
resultant shell formulation. It is very efficient for large number of layers. Only shell elements can
be used with MAT116. The variables of MAT116 are listed in Table 4.6.

Table 4.6. Variables of MAT116

1 2 3 4 5 6 7 8
Cardl MID RO EA EB EC PRBA PRCA PRCB
Card2 GAB GBC GCA AOPT
Card3 XP TP 7P Al A2 A3
Card4 Vi V2 V3 DI D2 D3 BETA

*MAT_COMPOSITE_MATRIX (MAT117)

This material is used for the elastic responses of composites where a pre-integration is used to

compute the extensional, bending, and coupling stiffness coefficients for use with the

Belytschko-Tsay resultant shell formulation. 21 coefficients of symmetric stiffness matrix, which
are in material (global) coordinate system, are input directly. Uniform thickness of a part is
required because the shell thickness is inherent in the stiffness matrix. Only shell elements can be
used with MAT117. The variables of MAT117 are listed in Table 4.7.

Table 4.7. Variables of MAT117

1 2 3 4 5 6 7 8
Card1 MID RO
Card2 Cl1 C12 C22 C13 C23 C33 Cl4 C24
Card3 C34 C44 C15 C25 C35 C45 C55 C16
Card4 C26 C36 C46 C56 C66 AOPT
Card5 XP TP 7P Al A2 A3
Card6 \2! V2 V3 D1 D2 D3 BETA
CLJ: Cy;, coefficients of stiffness matrix
*MAT_COMPOSITE DIRECT (MAT118)
This material is the same as MAT117 except that 21 coefficients of the symmetric stiffness
matrix are in the element (local) coordinate system. Thus, MAT118 needs less storage than
MATI117. The variables of MAT118 are listed in Table 4.8.
Table 4.8. Variables of MAT118
1 2 3 4 5 6 7 8
Card1 MID RO
Card2 Cl1 C12 C22 C13 C23 C33 Cl14 C24
Card3 C34 C44 C15 C25 C35 C45 C55 Cl16
Card4 C26 C36 C46 C56 C66

ClJ: C;;, coefficients of stiffness matrix
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*MAT_RATE_SENSITIVE_COMPOSITE_FABRIC (MAT158)

MAT158 is similar to MATS58, but includes strain-rate effects. Rate effects are taken into
account through a Maxwell model using linear visco-elasticity by a convolution integral of the
form:

’ 0
O_ij :J-gijkl(t_z-) agkl dr
0

T

where g, (t—) is the relaxation functions for the different stress measures. This stress is added

to the stress tensor determined from the strain energy functional. The relaxation function is
represented by six terms from the Prony series:

N

g(t)=>.G,e”, N<6
m=1

where G, is shear relaxation moduli (GI) and £,, is decay constants (BETAI). Only shell
elements can be used with MAT158. MAT158 was used in the high speed impact test (Anghileri,
Castelletti, Invernizzi, & Mascheroni, 2005; Heimbs, Middendorf, & Maier, 2006; Carney,
Goldberg, & Pereira, 2008).The variables of MAT158 are listed in Table 4.9.

Table 4.9. Variables of MAT158

1 2 3 4 5 6 7 8
Cardl MID RO EA EB PRBA TAUI GAMMALI
Card2 GAB GBC GCA SLIMT1 | SLIMC1 | SLIMT2 | SLIMC2 SLIMS
Card3 AOPT TSIZE ERODS SOFT FS
Card4 XP YP 7P Al A2 A3
Card5 V1 V2 V3 Dl D2 D3 BETA
Card6 El1IC E1IT E22C E22T GMS
Card7 XC XT YC YT SC
Card8 K
Optional card for viscoelastic constants (up to 6 cards)
Card9 | GI | BETAI | | | | [
K: optional bulk modulus for the viscoelastic material
GI: optional shear relaxation modulus for the i"™ term
BETAL optional shear decay constant for the i term

*MAT_COMPOSITE MSC_option (MAT161 and MAT162)

The material models are developed by Material Sciences Corporation. The option of this
keyword is blank (MAT161) and DMG (MAT162). In MAT161, the progressive layer failure
criteria have been established by adopting the methodology developed by Hashin (Hashin, 1980)
with a generalization to include the effect of highly constrained pressure on composite failure.
MATI162 is a generalization of the layer failure model of MAT161 by adopting the MLT damage
mechanics approach for characterizing the softening behavior after damage initiation. These
material models are for solid elements. The variables of MAT161 and MAT162 are listed in
Table 4.10. MAT161 and MAT162 are used to simulate the local deformation of thick textile
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composites in impact tests (Chan, Fawaz, Behdinan, & Amid, 2007; Xiao, Gama, & Gillespie,
2007; Hufenbach, Marques Ibraim, Langkamp, Bohm, & Hornig, 2008; Deka, Bartus, &

Vaidya, 2009; Wu, Yan, & Shen, 2010).

Unidirectional lamina model (AMODEL=1)

Three failure criteria are used for fiber failure. They are chosen in terms of quadratic stress forms

as follows:

e Tensile/shear fiber mode:

2
o 2 2
< ‘1> + Tab —L— Tca — 1
SaT SFS
e Compression fiber mode:

, 2
[@J =1,0! =-o0, +<——Gb +O_">
S.c 2

Table 4.10. Variables of MAT161

1 2 3 4 5 6 7 8
Cardl MID RO EA EB EC PRBA PRCA PRCB
Card2 GAB GBC GCA AOPT MACF
Card3 XP TP ZP Al A2 A3
Card4 Vi V2 V3 DI D2 D3 BETA
Card5 SAT SAC SBT SBC SCT SFC SFS SAB
Card6 SBC SCA SFFC | AMODEL | PHIC E LIMT | S DELM
Card7 | OMGMX | ECRSH | EEXPN | CERATEI AMI

for DMG option
Card8 | AM2 | AM3 | AM4 | CERATE2 | CERATE3 | CERATE4 |

SAT, SAC: longitudinal tensile, compressive strengths

SBT, SBC: transverse tensile, compressive strengths

SCT: through thickness tensile strength

SFC: crush strength

SFS: fiber mode shear strength

SAB, SBC, SCA: matrix mode shear strengths, ab-, be-, ca- plane

SFFC: scale factor for residual compressive strength

AMODEL: material models (1=unidirectional layer model, 2= fabric layer model)
PHIC: coulomb friction angle for matrix and delamination failure

E LIMT: element eroding axial strain

S _DELM: scale factor for delamination criterion

OMGMX: limit damage parameter for elastic modulus reduction

ECRSH, EEXPN: limit compressive, tensile volume strains for element eroding
CERATEI!: coefficient for strain rate depending strength properties

CERATE2: coefficient for strain rate depending axial moduli

CERATES3: coefficient for strain rate depending shear moduli

CERATEA4: coefficient for strain rate depending transverse moduli

AM1: coefficient for strain rate softening property for fiber damage in a direction
AM2: coefficient for strain rate softening property for fiber damage in b direction
AM3: coefficient for strain rate softening property for fiber crush and punch shear damage
AM4: coefficient for strain rate softening property for fiber matrix and delamination damage
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e Crush mode:

((ﬂ}z _| p=_CatT 0.

Sre 3

where < > is the Macaulay brackets, S,r and S,¢ are the tensile and compressive strengths in the

fiber direction, and Srs and Src¢ are the layer strengths associated with the fiber shear and crush
failure, respectively. For compressive fiber failure, the layer is assumed to carry a residual axial
load (SFFC%S,¢), while the transverse load carrying capacity is reduced to zero.

Matrix failure must occur without fiber failure, and then it will be on planes parallel to fibers.
Two failure planes are considered. Their failure modes have the forms:

e Perpendicular matrix mode:

2 2 2
SbT Sl’vc Sab

e Parallel matrix mode (Delamination):

2 2 2
S? _<GC> + The + Lea =1
SCT Sl:,c Sca
where Sy is the transverse tensile strength. Based on the Coulomb-Mohr theory, the shear
strengths for transverse shear failure and two axial shear failure modes are assumed to be the
forms:
S = Ség) + tan(¢)<_ O-b>

S, =8+ tan(go)(— 0'b>

S =89+ tan(go)(— GC>

Sy =S, +tan(p)(-0,)

where ¢ is a material constant as tan(¢) is similar to the coefficient of friction, S, SV, and

S'” are the shear strength values of the corresponding tensile modes, and S is the scale factor
(S_DELM) to provide better correlation of delamination area with experiments.
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Fabric lamina model (AMODEL=2)

The fiber failure criteria of Hashin for a unidirectional layer are generalized to characterize the
fiber damage in terms of strain components for a plain weave layer. So, the fiber failure modes
become as

e Tensile/shear fiber mode:

2
<0d> Tj +T3a
[ =)
aT aFs
2
<Gb> + ij+r}30 _1
S Sie )
bT bFS

e Compression fiber mode:

(<0_;> L o, =0, +(-c.)

a a
SaC

—| =1, o =-0,+(—0,
5, (~o.)

where S, s and Syps are the layer shear strengths due to fiber shear failure in the fill and warp
directions. It is assumed S,zs = SFS and Sprs = SFS % Spr / Sar. Crush mode is the same as Eq.
(4.25). For compressive fiber failure, residual axial loads become SFFCxS,¢c and SFFCXSpc.

A plain weave layer can fail under in-plane shear stress without occurrence of fiber breakage.
This in-plane matrix mode is given by

2
T
— | =1,
Sab
Another failure mode, which is due to the quadratic integration between the thickness stresses, is
expected to be mainly a matrix failure. This through-thickness matrix mode is

2
i) )
SCT Sbc Sca

where the shear strengths are assumed to be
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S =89+ tan((p)<— ac> ,
S,. =840 +tan(p)(- o, ).

The effect of strain-rate on the layer strength values of the fiber failure modes is modeled by the
strain-rate dependent functions for the strength values {Srr} as

{Ser =15, )(1 +C, . In {gi}]

0

where

S, g,
S, £,
_ SbT = _ |8b|
{SRT}_ Sbc s {5}_ |8h|
S .
" .2 gc_ 5 \I/2
SFS (gca + gbc)

and C,g. is the strain-rate constant (CRATE1). {Sy} are the strength values of {Skr} at the
reference strain-rate &;.

Damage model

The damage model is a generalization of the layer failure model of MAT161 by adopting the
MLT damage mechanics approach for characterizing the softening behavior after damage
initiation. The damage parameters are defined as

The effect of strain-rate on the nonlinear stress-strain response of a composite layer is modeled
by the strain-rate dependent functions for the elastic moduli {Exy} as

(£, = {5, >[1+{c,m}m@j

&y

where
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E a ga CrateZ

E b |8b | Crate2

{E } Ec {—} _ €. {C } _ Crate4
RT G s E (= . s rate § C ’

ab gab rate3

Gbc |gbc Crate3

Gca gca Crate3

and {C,4.} are the strain-rate constants. {£,} are the strength values of {Err} at the reference
strain-rate &;.

A failed element is eroded in any of three different ways: if the tensile strain is greater than
E LIMT, if the compressive relative volume is smaller than ECRSH, or if the tensile relative
volume is greater than EEXPN.

4.3. Composite modeling approach

In general, textile composites show a various failure modes depending on textile forms,
composite structures, and loading conditions. Common failure modes of textile composites are
matrix cracking, fiber breakage, delamination, splaying, fragmentation, progressive folding, and
so on. Some of failure modes can be treated by composite material models, but some other
fracture modes are required to be treated by composite material models as well as by appropriate
FE modeling techniques because those failure modes are induced by the post-failure behavior of
composites. Three modeling approach are described below.

Single-layer approach

Single-layer modeling approach is the simplest one. In this approach, the composite FE model
has only one layer of laminated elements and laminated elements have effective material
properties of a composite. This approach was used to simulate the crush test of textile composites
with MATS54 (Deleo, Wade, Feraboli, & Rassaian, 2010; Bisagni, Pietro, Fraschni, & Terletti,
2005). The deficiency of this approach is the inability to simulate delamination and splaying of
textile composites and to capture the local damage deformation of composites.

Multilayers approach

Multi-layers modeling approach is developed to simulate the delamination and splaying of textile
composites effectively. In this approach, the laminated composite is modeled by multi-layers of
elements and the layers are connected by the tie-break contacts to simulate layer delamination.
The multi-layer approach was used to simulate crush tests of textile composites with MAT54
(Zarei, Kroger, & Albertsen, 2008; Huang, 2009) and with MATS58 (Xiao, 2009a, 2009b, 2009¢).
The influence of single- and multi-layers approaches is studied also (Zarei, 2008, Heimbs, 2009).

Unit cell approach
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Binienda ef al. developed unit cell approach to capture the local damage shape of 2D triaxial
braided composites during impact. The unit cell is defined as a smallest unit of repeated fiber
architecture. This unit cell is divided into several sub-cells, with each sub-cell consisting of fiber
tows with varying size, fiber orientation, and ply layup based on the actual geometrical shape
and location. Each sub-cell is modeled with layer composites using one shell element with
several through the thickness integration points. The unit cell approach was used to capture local
damage of braded composite plates in impact tests with MAT54 (Cheng, 2008, Li, 2009) and
with MATS5S (Littell, 2008, 2009b, Roberts, 2009, Goldberg, 2010).
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S. Development of a Lightweight Vehicle

As part of NHTSA’s program to examine the possible safety benefits of lightweight PCIVs, a
lightweight vehicle was developed numerically by using plastics and composites. For this
purpose, a candidate vehicle and candidate components for weight reduction were selected. In
this chapter, the candidate vehicle and components are described.

5.1. 2007 Chevrolet Silverado

A pickup truck was selected as the candidate vehicle for weight reduction. Since the pickup truck
is relatively heavy and aggressive compared to cars, it was projected that there would be more
opportunities for reducing its vehicle weight. Due to its size, it was felt that equivalent safety
could be achieved, and furthermore improved safety could be realized in collisions of the
redesigned vehicle with the lighter passenger cars. Additionally, it was felt that weight reduction
a vehicle of this type provides the potential in achieving substantial fuel savings in future fleets
due to their popularity and accompanying high new vehicle sales. For this study, the Chevrolet
Silverado was selected. The Silverado was selected with the knowledge that a FE model of the
2007 Chevrolet Silverado was available in the FE model database of NCAC/GWU (NCAC,
2009a).

A 2007 Chevrolet Silverado is shown in Figure 5.1(a) and an FE model of this vehicle is shown
in Figure 5.1(b). The FE vehicle model was created by NCAC/GWU (NCAC, 2009b). The
specifications of the FE model of 2007 Chevrolet Silverado are summarized in Table 5.1. The
vehicle is a 4 door crew pickup truck with a body-on-frame platform and its weight is 2307 kg.
The FE vehicle model consists of about a million elements and 680 parts.

The FE vehicle model was validated with test results from a frontal NCAP test (NCAC, 2009b)
and from suspension tests (Mohan, 2009a, 2009b). In the full frontal rigid barrier NCAP test, a
vehicle with two dummies in the front seats collides with the rigid barrier in the full overlap
configuration at the impact speed of 56 km/h. In the full frontal NCAP simulation, dummies
were considered as added masses. The deformations of the Silverado in the frontal NCAP
simulation are shown in Figure 5.2. The actual deformation of the Silverado in the NCAP test
#5877 (Patel & Richardson, 2006) is shown in Figure 5.3. It can be observed that buckling
deformation, caused by bending moments, occurs at the ladder frame, which is indicated by the
red oval in Figures 5.2(b) and 5.3(b).
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(b)

Figure 5.1. 2007 Chevrolet Silverado (crew pickup body style): (a) actual vehicle, (b) FE model.

Table 5.1. Specification of the FE model of 2007 Chevrolet Silverado

Vehicle weight 2,307 kg
Vehicle size 5,846 mm (L) x 2,029 mm (W) x 1,917 mm (H)
Distance between front and rear axles 3,645 mm
. 1,661 mm, 2 mm, and 732 mm
Center of gravity (CG) (from front axle, horizontal center, and ground)
Body style crew pickup (4 doors)
Engine type 4.8L V8 SFI
Number of elements 929,131
Number of nodes 942,677
Number of parts 679
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(b)
Figure 5.2. Deformation of the original FE model of 2007 Chevrolet Silverado in frontal
NCAP test: (a) left side view, (b) right side view.

Figure 5.3. Frontal NCAP test (test # 5877) (Patel & Richardson, 2006): (a) left side view, (b)
right side view.
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The ladder frame has three deformation modes in the NCAP test. Figure 5.4 shows these
deformation modes. The deformation modes occur at three locations as indicated by the arrows
in Figure 5.4(a). The first deformation of the ladder frame occurs between the front bumper and
the front-end module mount points as shown in Figure 5.4(b). The second deformation of the
ladder frame occurs between the front-end module mount points and the engine mount points as
shown in Figure 5.4(c). The third deformation of the ladder frame occurs behind the transmission
crossbeam mount points as shown in Figure 5.4(d). The first and second deformation modes are
characterized as being a progressive folding mode and the third deformation mode is
characterized as being a bending mode.

The deformations of the FE vehicle in Figure 5.2 are compared with the deformations of
Silverado in other NCAP tests as shown in Figures 5.5 and 5.6. It can observe that no bending
deformation occurs at the ladder frame in the other NCAP tests shown in Figures 5.5(b) and
5.6(b). Basically, the bending deformation is not the desired deformation mode of the ladder
frame for absorbing the impact energy optimally.

(b)

Figure 5.4. Deformation modes of ladder frame of Silverado in frontal NCAP test (wheel
hidden): (a) before impact, (b) the first mode, (c) the second mode, (d) the third mode.
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(b)
Figure 5.5. Frontal NCAP test (test # 5907) (Fischer, 2007): (a) left side view,
(b) right side view.
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Figure 5.6. Frontal NCAP test (test # 7121) (Travale & Paolini, 2010): (a) left side view,
(b) right side view.
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The original ladder frame in the NCAP test simulation is shown in Figure 5.7. It can be seen that
the bending deformation occurs at the edge of the plate shown in red color in Figure 5.7(b). Thus
the original model in Figure 5.7(a) was modified by adding a small reinforcement as shown in
Figure 5.8(a). As aresult, the bending deformation was effectively prevented as shown in
Figure 5.8(b). Since the modification is minimal and small, there was almost no mass increase.
Figure 5.9 shows the deformation of the FE vehicle with the reinforced ladder frame. The
bending deformation of the ladder frame does not occur anymore in the frontal NCAP
simulation. Actually, the location of the third deformation mode moved to a location behind the
engine mount points as shown in Figure 5.10(b).

(b)

Figure 5.7. Original ladder frame: (a) before test, (b) after test.

(b)

Figure 5.8. Original ladder frame (modified): (a) before test, (b) after test.
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(b)
Figure 5.9. Deformation of the original FE model (modified) of 2007 Chevrolet Silverado in
frontal NCAP test: (a) left side view, (b) right side view.

(a) (b)
Figure 5.10. Deformation of ladder frame (wheel hidden): (a) original, (b) original (modified).

Figure 5.11 shows the absorbed energy distribution of vehicle components in the frontal NCAP
test simulation. The term ‘sub-total’ in Figure 5.11 means the summation of six components. Six
components account for absorbing 90 percent of the total impact energy. Especially important
was the ladder frame which absorbs 70 percent of impact energy. In other words, the ladder
frame is the primary structural member of body-on-frame vehicles subjected to a frontal NCAP
test. Figure 5.12 shows the vehicle responses in the frontal NCAP simulations and test. The
simulation results are comparable with the test results. The responses between the original and
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reinforced original vehicles are relatively close as well. Basically, the FE model is a validated

representation of the real vehicle.

5.2. Candidate components for weight reduction

The FE vehicle model is divided into seven assemblies as shown in Figure 5.13: closures,
occupant compartments structure, interiors, truck bed structure, ladder frame structure, power
train related, and suspension related components. Their mass distributions are summarized in
Table 5.2. It shows that the weight of the power-train related and suspension related components
accounts for almost 50 percent of the vehicle weight. The weight of the ladder frame structure is
about 13 percent of the vehicle weight.
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Figure 5.11. Absorbed energy distribution.
50 60
test (5877) test (5877)
org | OIg
44 org (mod) o org (mod)
_ 40
7 30 g
5 =
3 & 30
S 201 &
5 2 20
£ £
2 101 =
101
0 W ] %
0 0.02 0.04 ! 0.08 0.1 0.12 ~¢ 0.02 0.04 ? 0.08 0.1 0.12
Time (sec) Time (sec)
(a) (b)

Figure 5.12. Responses (at rear floor) of the vehicle in Frontal NCAP test: (a) acceleration,

(b) velocity.
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(©) (d)

®

Figure 5.13. Assembly of the FE model of Silverado: (a) closures, (b) occupant compartment
structure, (c) ladder frame structure, (d) truck bed structure, (¢) power-train related, (f)
suspension related.
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Table 5.2. Mass distribution of the FE model of Silverado

Assembly Mass (kg) [%] Items
Closures 240 [10.4] doors, glasses, hood, front grille, front fenders
Occupant compartment structure 290 [12.6] roof, floor, firewall, toepan, pillars, cowl
Ladder frame structure 290 [12.6] ladder frame, front and rear bumpers, tow packages
Truck bed structure 160 [6.9] bed, tailgate, rear fenders
Power-train related 630 [29.4] engine, transmission, battery, fuel tank, driveshaft, rear

axle, exhaust pipe, front-end module
front and rear suspensions, wheels, tires, spare tire and

Suspension related 447 [19.4] . .
carrier, steering
Interiors 200 [8.7] seats, dash, trim
Total 2,307

The Silverado pickup truck was used to develop a lightweight vehicle numerically. In order to
reduce the vehicle weight, three methods were considered. The first method was to substitute
lighter weight materials, especially plastics and composites, for the steel material in the current
vehicle. The second method was to change the current components to lighter weight ones. The
last was to remove any component which was not related to the vehicle’s operation.

Material substitution

In order to reduce the vehicle weight, the steel material in the vehicle structure was replaced with
other lighter weight materials. In particular, plastics and composites were used as a substitute for
the steel material since these materials were primarily the main focus in this study. Plastics and
composites have quite different material characteristics than steel. Steel material is isotropic and
ductile, while plastics and composites are anisotropic and brittle mostly. So, the ACC PD and
some of its member chemical companies (SABIC, BASF, and Bayer) voluntarily participated in
this project to provide information about available components for plastics and composites. In
addition, other resources, such as journals, magazines, internet websites, etc., were used to gather
information about the applications of lightweight materials.

When the steel material in the Silverado was replaced by plastics or composites, the components
were re-designed by ACC PD’s chemical companies if a design change was deemed necessary.
Note that, in this study, only the frontal NCAP test of the light-weighted vehicle was considered
for investigating the effect of weight reduction on the vehicle’s crashworthiness. So, if any
component was not engaged in the frontal NCAP test, the material substitution was realized by
adjusting the weight of the particular component numerically without changing the component
design.

When it was determined that there were no plastics or composites available for a given
component but other lightweight materials were available, the original material was replaced
with the other lighter weight materials without undertaking a design change. For example, the
steel material of the wheels and rear differential carrier were changed to aluminum and
magnesium alloys, respectively.
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Component change

In the vehicle, there are many finished components, such as the engine, transmission, battery,
and so on. It was decided that those existing components could be changed to lightweight ones to
reduce the vehicle weight if it was determined that the new components could provide equivalent
performance. Since the current vehicle weight was to be reduced, a smaller engine and
transmission also could be adopted. Additionally, a lighter weight battery could be adopted.

Component removal

It was decided that any component which is not directly related to the vehicle operation could be
removed to reduce the vehicle weight. Thus, for example, the spare tire and its carrier in the
current vehicle could be removed.

Based on the above lightweight strategies with the information from ACC PD’s chemical
companies and references, candidate components for weight reduction of the current FE model

of the Silverado were selected and are summarized in Table 5.3.

Table 5.3. Candidate components for weight reduction

Assembly Items
Occupant compartment structure e Roof e A- & B-pillars
Interiors e Seats e [P carrier
Closures e  Front fenders e Door beam
e Rear windows e Door modules
Truck bed structure * Bed *  Rear fenders
o Tailgate
e Engine & transmission e Rear differential carrier
Power-train related e Oil pans e Front-end module
e  Drive shaft e Battery
e  Wheels e  Spare tire & carrier
Suspension related e Front brake disks e Leafspring
e Tires e  Steering stabilizer links
Ladder frame structure e  Front bumper e Transmission crossbeam
e  Rear bumper e Ladder frame

The ladder frame was selected as a candidate component for weight reduction in this study. The
ladder frame is a large steel structural member and also is the primary energy absorber in frontal
NCAP test. The weight of the ladder frame accounts for about 10 percent of the vehicle weight.
Composite materials, especially carbon FRP, are well known as high SEA materials. SEA is
defined as the energy absorption per unit mass of structural member. In other words, if the steel
ladder frame could be changed to a composite ladder frame without compromising its stiffness
and crashworthiness, some of the vehicle weight could be reduced efficiently. For this purpose,
physical material tests were conducted to identify the material properties of a composite material.

The material substitution procedures and mass savings of the components are described in
Chapters 6 and 7. The results of the frontal NCAP simulation of a lightweight vehicle are shown
in Chapter 8.
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6. Composite Ladder Frame

The ladder frame of the Silverado pickup truck is a large steel structure and also is the primary
energy absorber in the frontal NCAP test. The weight of the ladder frame accounts for about 10
percent of the vehicle weight. In this study, the original steel ladder frame is changed to a
composite ladder frame to reduce the vehicle weight. Furthermore, by adopting the composite
material as a replacement for the main structural member in the vehicle structure, the impact
performance of structural composite in the vehicle structure can be investigated, and its
applicability and feasibility can be evaluated.

The overall consensus from technical experts in the aerospace and automotive community was to
use a braided carbon-thermoset composite since both mechanical and impact properties were
important in the potential application of the ladder frame.

Triaxial braided composites can offer an isotropic design by using axial and angled fiber bundles
in a single plan. Braided composites also offer better damage resistance, torsional stability, and
bending strength compared to unidirectional or weaved composites. Triaxial braided composites
have been used in the commercial aerospace and automotive industry for over 20 years. It is
well-suited for components that are of simple geometry and need to provide off-axis as well as
unidirectional strength. In addition, various studies using braided composites have been
conducted and published. Naik calculated the mechanical properties of woven and braided
composites by analytical methods (Naik, 1995). In order to analyze the damage and fracture
mechanism of braided composites, tension tests (Ivanov, 2009, Littell, 2009a), bending tests
(Quek, 2006, Fujihara, 2007, Dauda, 2009), and compressive crushing tests(Chiu, 1997, 1998,
Hamada, 2001, Inai, 2003, Okano, 2005, Gui, 2009) have been conducted. Also, to develop
modeling techniques of braided composites, many numerical studies have been performed by
simulating material tests (Littell, 2008, Li, 2011), bending tests (Huang, 2002, Janapala, 2008),
crushing tests (Zeng, 2005, Han, 2007, Xiao, 2009a, 2009b, 2009¢, McGregor, 2010), and
impact tests (Littell, 2009b, Roberts, 2009, Goldberg, 2010).

Therefore, a braided carbon-fiber thermoset composite was selected as the substitute for steel in
the ladder frame. In order to identify the mechanical properties of the braided composite,
material tests and numerical simulations were conducted. The results from these tests and
numerical studies have been used to develop the material characteristics for the composite ladder
frame.

6.1. Physical material test

Physical material tests were conducted by the UDRI. The test report is found in Appendix A. A
brief summary of this report is found below.
Test material

A braided carbon-thermoset composite was selected for the material tests. The carbon fiber was
Torayca T700S C 12000, manufactured by Toray Carbon Fibers America, Inc. The braid
architecture is 0°/£60° 2D triaxial (2D3A), shown in Figure 6.1. The axial fiber tows contained
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24K fibers. The bias tows contained 12K fibers. The resin was Epon 862 epoxy with an Epikure
W curing agent, both manufactured by Momentive. The mechanical properties of carbon fiber
and resin are summarized in Table 6.1 (Morgan, 2005, Tack, 2006). The unit cell size of the
specimen of braided composite used in the physical material tests is about 17.9 mm x 5.2 mm.

Table 6.1. Mechanical properties of carbon fiber and resin

Density Young’s Modulus (GPa) Shear Modulus Poisson’s
(g/cm’) Axial Transverse (GPa) Ratio
Torayca T7008 1.8 230 28 27 0.28
carbon fiber
Epon 862 1.2 26 10" 0.35
€poxy resin

* calculated by Eq. (3.17)

The cross-sections of panel and tube are shown in Figure 6.2 and 6.3. All test materials have
three layers of braded composite and the average unit cell size is 17.9 mm + 0.53 mm % 5.2 mm
+ 0.22 mm. For the panel, the average thickness is 1.7 mm and the average fiber content in
volume is 57 percent. For the tube, the average thickness is 1.9 mm and the average fiber content
in volume is 44 percent.

Figure 6.1. 2D3 A braided composite: (a) panel, (b) unit cell.

(a)

(b)

Figure 6.2. Cross-section of panel: (a) axial, (b) transverse.
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(b)

Figure 6.3. Cross-section of tube: (a) axial, transverse.

Test matrix

Tension, compression and shear coupon tests were performed with two different directions (axial
and transverse) and four different rates. The tension test used two different types of specimen;
standard specimen and bowtie specimen. The total number of tests was 72 and these tests are
summarized in Table 6.2. Tube compression tests were performed with three different rates. The
total number of tests was 17 and these tests are summarized in Table 6.3.

Table 6.2. Coupon test matrix

Machine Rate [m/min]
0.00127 0.5 4.5-5.0 38-49
Tension Axial 3 - - -
| (ASTM D3039) f__Transverse | 3 __ | - ) o A
Tension Axial 3 3 3 3
|__(Bowtie) _{ Tramsverse ) ___3 ___ 1 ___3_ __ 1 ___3 L ____ SR
Compression Axial 3 3 3 -
| __Tramsverse | 3 __{ ___3____{ __3 __|____ ————]
Axial 3 3 3 3
Shear Transverse 3 3 3 3
Total 24 18 18 12
Grand total 72

Table 6.3. Tube compression test matrix

Machine Rate [m/min]
1.5 140 440
Straight End 1
Single bevel 3 7 6
Total 4 7 6
Grand total 17

Configuration of specimen

Figure 6.4 shows the modified specimens used for the ASTM D3039 tension test. The specimen
width is at least 2.5 times the unit cell to ensure that at least two full unit cells are located in the




Investigation of Opportunities for Lightweight Vehicles Using Advanced Plastics and Composites

gage section. The modified size of axial specimen is 286 mm x 44.2 mm with 185 mm between
the tabs. The transverse specimen is 203 mm % 19 mm with 102 mm between the tabs. Figure 6.5
shows the bowtie specimens for tension and shear tests and Table 6.4 and 6.5 list the dimensions
of specimens. In the tension test shown in Figure 6.5(a), the grips are extended down past the end
of tab to ensure full engagement of the bias tows.

Figure 6.4. Specimens of ASTM D3039 tension test: (a) axial, (b) transverse.
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Figure 6.5. Bowtie specimens: (a) tension, (b) shear.
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Table 6.4. Bowtie tension nominal specimen dimensions

LO WO GW GG R T
Specimen Length | Width Gage | Grip-to-grip Notch Tab
Orientation overall | Overall | Width Distance Radius length
[mm] [mm] [mm] [mm] [degrees] [mm]
0°+60°760" 1 16p8 | 1478 | 457 29.6 60 50.8
Axial
OF/Y60°60° 1 1957 | 5842 | 178 46.8 120 50.8
Transverse
Table 6.5. Shear nominal specimen dimensions
LO wO GW GG R TND ™ ND
Specimen Length | Width Gage | Grip-to-grip Notch Tab Notch Tab Notch
Orientation overall | Overall | Width Distance Radius Depth Width | Depth
[mm] [mm] [mm] [mm] [degrees] [mm] [mm] [mm]
0 /+60. /-60 162.8 137.2 47.9 35.8 90 50.8 50.8 17.9
Axial
0°*60%-60" 1 104 | 864 | 127 102 90 39.9 508 | 5.1
Transverse

Figure 6.6 shows the specimens used for the compression test. The initial configuration was a
tapered dog bone style geometry shown in Figure 6.6(a) but cracking was initiated at the
radius/tab transition of the dog bone. So, the specimen was modified to a straight-sided rectangle
as shown in Figure 6.6(b). As shown in Figure 6.6(c), anti-bucking support was provided with a
backing plate that covers the entire back surface of specimen. The front plate covered most of the
surface and included a window for strain measurement.

The tube specimen is 254 mm long and has a nominal inner diameter of 102 mm. The length to
diameter ratio is 2.5. Since the flat end tube exceeds the actuator capacity, a single 45° bevel is
machined into one end of tubes to act as a crack initiator.

COMPRESSION SPEC IMEN

SPECIHEN

(a) (b)
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For tducafional Use Only

(c)

Figure 6.6. Specimens of compression test: (a) dog bone (axial), (b) straight-side (both
directions), (c) fixture.

Coupon test result

Table 6.6 summarizes the results of coupon tests. Figure 6.7 through Figure 6.13 show their
stress-strain curves. In the axial tension tests, the bowtie tests shows higher elastic modulus and
failure strain than the ASTM D3039 tests, but the failure stress of both tests is similar. In the
transverse tension tests, the bowtie tests shows higher elastic modulus, failure strain, and failure
stress than the ASTM D3039 tests.

The carbon fiber is relatively rate independent (Zhou, 2001, Das, 2007) and the epoxy resin is
rate sensitive (Gilat, 2005). The test results do not show consistent rate dependency of the

carbon-thermoset braided composite material.

Table 6.6. Data summary for coupon tests

engineering normalized engineering
test direction rate breaking peak stress to breaking elastic Poisson's
(m/min) stress 56 vol % fiber strain modulus ratio
[MPa] [MPa] [%] [GPa]
ASTM D3039| axial 0.00127 857 1.95 433 0.31
tension transverse | 337 1.44 34.7 0.32
0.00127 798 775 1.31 67.0 0.25
0.5 865 815 1.44 66.4 0.36
axial 5 803 782 1.27 80.6 0.38
50 783 744 1.33 85.4 0.40
bowtie avg. 812 779 1.34 74.9
tension 0.00127 965 942 2.07 66.4 0.01 - 0.36
0.5 1017 992 1.72 116.0 0.25 - 0.60
transverse 5 1046 1026 2.02 81.9 0.03 - 0.47
50 918 950 2.34 57.9 0.03 - 0.06
avg. 987 978 2.04 80.6
0.00127 283 282 0.64 51.7
compression axial 0.05 252 237 0.73 34.5
0.5 284 271 0.71 40.7




Investigation of Opportunities for Lightweight Vehicles Using Advanced Plastics and Composites

5 280 269 0.76 37.7
avg. 275 265 0.71 41.2
0.00127 226 221
0.05 265 249 0.72 39.3
transverse| 0.5 288 271 0.75 40.1
5 305 288 0.74 45.0
avg. 271 257 0.74 41.5
0.00127 180 177 0.75 32.9
0.5 190 188 0.83 28.5
axial 5 177 174 0.72 25.5
50 201 199 0.84 26.0
shear avg. 187 185 0.79 28.2
0.00127 200 195 0.75 29.2
0.5 218 212 0.86 28.5
transverse 5 239 233 0.86 32.9
50 226 216 0.86 33.4
avg. 221 214 0.83 31.0
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Figure 6.7. Stress-strain curves for modified ASTM D3039 tension tests.
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Figure 6.8. Stress-strain curves for bowtie tension tests (axial).
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Figure 6.9. Stress-strain curves for bowtie tension tests (transverse).
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Figure 6.10. Stress-strain curves for compression tests (axial).
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Figure 6.11. Stress-strain curves for compression tests (transverse).
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Figure 6.12. Stress-strain curves for shear tests (axial).
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Figure 6.13. Stress-strain curves for shear tests (transverse).

Tube compression test result

Table 6.7 summarizes the tube compression test result and Figure 6.14 shows the load-
displacement curves. Figure 6.15 shows the failure of tubes. There are two different tube failure
modes: folding failure mode in low rate and fracture failure mode in high rate. However, the
load-displacement curves are similar regardless of the tube failure mode as shown in Figure 6.14.
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Table 6.7. Data summary of tube compression tests

Median Stress Specific Specific Energy Specific E Spedific E
Median Crush | Median Crush | Normalized to Sustained Crush Absorption” with ZECI c i ne(l;g);y ZECI ' i ne(g?y iir;ge;;z::
Load* Stress* 56% Fiber Crushing Stress | Compression folding mode sosrgfn 50;2:” Durizg Crush
kN] IMPal Volume [SSCS] Ratio™ | failure [SEA-FM] [L o } [k5 > A]2] o
MPa [MPa [kJikg] g 9
Average _ _410_ I _74_9 ______ 9_553 ______ 515_ 1l 9%5 ______ i3._3_ L f?’_B _______ ! ?9_ _______ ]
1.5 m/min
0.0254 mis Std.Dev. 3.66 5.79 9.61 429 0.04 2.96 4.56 2.00 -
Coeff. of Var. [%] 7.78 7.74 10.0 8.32 10.0 6.84 8.56 10.0 -
478 771 97.4 53.2 0.36 - 52.5 20.9
Average
140 m/min
2.4 mis Std.Dev. 214 3.44 4.55 2.01 0.02 - 2.30 0.81 173-362
Coeff. of Var. [%] 4.48 4.46 4.67 3.77 4.67 - 437 3.89
Average 433 69.2 85.8 47.8 0.32 - 48.9 19.0
440 m/min
7.4mis sdpev. | _ %% _ | 324 | 3w | 185 | oot | - | 15 | 004 | 254308
Coeff. of Var. [%] 543 4.69 439 4.08 4.39 - 398 4.96

1) SEA calculated using Es= Work/(area*density*[actuator displacment + displacement of folded length])

2) SEA calculated using  Es= Work/(area*density*total actuator displacement)

3) SEA for design purposes E =Work(displacement at peak - displacement at end)/(mass of tube*displacment at end)
The peak temperatures exceeded the calibration curve maximum of 200°C for all but one of the specimens.
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Figure 6.14. Load-displacement curves of tube compression tests.
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Figure 6.15. Tube failure: (a) low rate, (b) high rate.

6.2. Numerical analysis

LS-DYNA hydrocode was used for the numerical analysis of material tests. In all simulations in
this study, the base unit system of the FE model was mm (length), sec (time), and ton (mass).
Accordingly, units of other physical quantities were N (force), MPa (stress), and so on.

Finite element model

In this study, a concern was to develop a practical FE model of the braided composite which
could be used in full-scale vehicle crash simulation. In general, a 1.0 micro-second time-step size
was widely used for full-scale vehicle crash analysis, and 5.0 mm to 15.0 mm range of element
size was correspondingly selected for generating the FE vehicle models.

In this study, the single-layer approach was adopted for modeling the braided composite. Two
different element sizes were considered to observe mesh size effects. The coarse mesh was built
by using approximately 10.0 mm elements and the fine mesh was built by using approximately
5.0 mm elements. Figure 6.16 shows the FE models of specimens for the coupon tests using a
coarse mesh, and Figure 6.17 shows the FE models using fine mesh. The green colored area in
Figures 6.16 and 6.17 indicates the grip, and the red colored area shows the deformable area of
the composite. The straight-sided specimens for the shear test shown in Figures 6.16(f) and
6.17(f) were considered in the numerical analysis for comparing with the test specimen which
has a notch. The deformable area of the straight-sided specimen is 50.0 mm % 50.0 mm. The FE
models of the tube for compression tests are shown in Figure 6.18. There are two FE models: a
coarse mesh model with 10.0 mm elements and a fine mesh model with 5.0 mm elements.
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In the physical tests, different machine rates were conducted to investigate whether any strain
rate effects exist in the composite material. However, the test results did not show a consistent
rate dependency. So, a rate parameter was not considered in the numerical analysis, and the

numerical results did not include any rate effects accordingly.

Material properties

In this study, the MATS58 in the material database of LS-DYNA was used for the braided
composite. The material properties of MATS8 for the braided composite can be obtained directly
from coupon test results in Table 6.6. Table 6.8 shows the values of the material variables of
MATSS. Mostly, average values from coupon tests were taken for moduli, failure stresses,
failure strains and Poisson’s ratio. It has been known that the ASTM specimens shown in

Figure 6.4 are not the optimum specimens for tension tests because the straight-sided specimen
has a number of bias cut-fibers. However, bias fibers in the bowtie specimen shown in Figure 6.5
remain intact. So, instead, the elastic moduli are taken from the bowtie test results.

Table 6.8. Material properties of MAT58

Cardl MID RO EA EB PRBA TAU1 GAMMAL1
1.5e-9 80000 80000 0.35 0.0 0.0
Card2 GAB GBC GCA SLIMT1 SLIMC1 SLIMT2 | SLIMC2 SLIMS
30000 30000 30000 0.3 1.0 0.1 1.0 0.4
AOPT TSIZE ERODS SOFT FS
Card3
0.5 1.0
Card4 XP YP ZP Al A2 A3
Cards Vi V2 V3 D1 D2 D3 BETA
Card6 EllC ElIT E22C E22T GMS
0.01 0.015 0.01 0.02 0.01
Card? XC XT YC YT SC
300 850 300 1000 200
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(@ (b) (c) (d) (e) (2) (h)
Figure 6.16. FE models (coarse) of specimens for coupon test: (a) ASTM D3039 axial tension, (b)
ASTM D3039 transverse tension, (c) bowtie axial tension, (d) bowtie transverse tension, (e)
compression, (f) axial shear, (g) transverse shear, (h) shear (straight-sided).

(@ (b (c) (d) (e) (2) (h)
Figure 6.17. FE models (fine) of specimens for coupon test: (a) ASTM D3039 axial tension, (b)
ASTM D3039 transverse tension, (c) bowtie axial tension, (d) bowtie transverse tension, (e)
compression, (f) axial shear, (g) transverse shear, (h) shear (straight-sided).

(a) (b)
Figure 6.18. FE model of tube for compression test: (a) coarse mesh, (b) fine mesh.
Even though the braided composite shown in Figure 6.1 was different from the simple laminated
composite, it is worthwhile to compare the material properties of two composites to understand
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their mechanical capabilities. The material properties of a simple laminated composite can be
calculated by using the CLT described in Chapter 3. The architecture of the braided composite
was [0/£60]. In order to make an equivalent and symmetric laminate, the layer profile was
assumed as [60/0/-60/0/0/-60/0/60]. With the mechanical properties of fiber and resin in Table
6.1, the longitudinal, transverse, and shear moduli and Poisson’s ratio of lamina were obtained
by using Egs. (3.37), (3.44), (3.48), and (3.46), respectively. Then, the force-displacement
equation, Eq. (3.62), was obtained by Eq. (3.24) and (3.58). Finally, the material properties of the
simple laminated composite were estimated by using Egs. (3.64), (3.65), (3.66) and (3.67). The
density was calculated by Eq. (3.27). Table 6.9 compares the material properties of braided
composite and simple laminated composite. The axial Young’s modules, Poisson’s ratio, and
density of two composites are close, but the transverse Young’s modulus and shear modulus of
braided composite are about twice those of a simple laminated composite. This is reasonable
since the triaxial braided composite can offer isotropic characteristics.

Table 6.9. Comparison of material properties of braided composite and simple laminated
composite

Young's modulus Shear modulus . , . Density
(GPa) (GPa) Poisson’s ratio ( /Cm3)
Axial Transverse &
Braided composite 80.0 80.0 30.0 0.35 1.5
Simple laminated composite
(estimated by CLT) 74.3 41.9 15.0 0.32 1.536

The carbon-thermoset braided composite is a brittle material, which means that the material can
fail without plastic hardening. However, after the material has failed in the coupon tests, it can be
seen that there is still some resistant force in the force-displacement (F-D) curves as shown in
Figure 6.19 to Figure 6.24. Actually, the post-failure behavior of a composite material is very
important in structural crash analysis because considerable crash energy of composite structure is
absorbed during this post-failure stage. So, the values of the post-failure parameters of MATS8
(slimitl, slimit2, slimicl, slimic2, and slims) in Table 6.8 were chosen based on the F-D curves.

Figure 6.19 and Figure 6.20 show the F-D curves of bowtie axial and transverse tension tests. It
can be seen that some resistant force remains in the axial tension tests but is small in the
transverse tension tests. Probably, this is because the bias fibers keep resisting some force after
axial fibers have failed in the axial tension tests, but there is little resistance after bias fibers have
failed in the transverse tension test. Figure 6.21 and Figure 6.22 show the F-D curves of axial
and transverse compression tests. It can be seen that great resistant force close to the failure force
remains for a while in both the axial and transverse compression tests. The amount of absorbed
energy of composite after composite failure is considerable. Figure 6.23 and Figure 6.24 show
the F-D curves of the axial and transverse shear tests. It can be seen that a considerable resistant
force remains for a while in both the axial and transverse shear tests.
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Figure 6.19. F-D curves of bowtie axial tension tests: (a) rate=0.03/s, (b) rate=0.3/s.
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Figure 6.20. F-D curves of bowtie
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Figure 6.21. F-D curves of axial compression tests: (a) rate=0.004/s, (b) rate=0.04/s.
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Figure 6.22. F-D curves of transverse compression tests: (a) rate=0.004/s, (b) rate=0.04/s.
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Figure 6.23. F-D curves of axial shear tests: (a) rate=0.03/s, (b) rate=0.25/s.
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Figure 6.24. F-D curves of transverse shear tests: (a) rate=0.05/s, (b) rate=0.8/s.
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Coupon test

By using the FE models shown in Figures 6.16 and 6.17 and the material properties found in
Table 6.8, the coupon tests were simulated. Figure 6.25 to Figure 6.29 show the strain-stress (S-
S) curves of the simulated coupon tests. In the simulation, the global response of a specimen is of
interest rather than the local response at any element. Therefore, the force is divided by the
average coupon section area to get the engineering stress of the simulated coupon tests and the
displacement is divided by the length between the grips to get the engineering strain of simulated
coupon tests.

Figure 6.25 shows the S-S curves of the bowtie tension simulations. The coupon test results are
overlaid for the purpose of comparison. The test specimen number is in parentheses. The initial
slopes of S-S curves of bowtie tension simulations and tests are close, but the failure stress in the
simulation is much lower than that in the tests. Basically, the bowtie specimen shown in Figure
6.5(a) has wedge-shaped sides like a notch. In the simulation, the bowtie FE model has a single
layer in the thickness direction with effective material properties of braided composite. During
the tension test simulation, the stress concentration occurred at the wedge tips of the bowtie FE
model, which made the failure occur earlier. In the actual tests, the stress concentration was
small since the side angle of the bowtie specimen followed the bias fiber angle. So, the bowtie
specimen FE model is not suitable for the coupon test simulation with the single-layer approach.
In this study, the ASTM specimen FE model, which had straight sides, was used for the tension
simulations and their results are compared with the bowtie test results. Figure 6.26 shows the
ASTM tension simulations. The S-S curves of ASTM tension simulation are well matched with
those of bowtie tension tests. The S-S curves of ASTM tension tests show much lower initial
slope and failure stress in Figure 6.26. The tension simulations with fine mesh show the same
initial slope, but a bit lower failure stress.

Figure 6.27 shows the S-S curves of compression simulations. The specimen FE model is shown
in Figures 6.16(e) and 6.17(e). The initial slopes between the simulation and tests are fairly
close. Also, there is no difference between the coarse and fine meshes.

Figure 6.28 shows the S-S curves of shear tests. It shows good agreement of the initial slope and
failure stress of the S-S curves between the simulations and tests. The specimen for the shear
tests is shown in Figure 6.5(b), and the FE models are in Figures 6.16(f), 6.16(g), 6.17(f), and
6.17(g). For comparison, the straight-sided specimen shown in Figures 6.16(h) and 6.17(h) was
used for shear simulation. The initial slope and failure stress of shear simulations with the
straight-sided specimen are lower than those with wedge-shaped specimen.
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Figure 6.25. Strain-stress curves of bowtie tension simulations: (a) axial, (b) transverse.
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Figure 6.26. Strain-stress curves of ASTM tension simulations: (a) axial, (b) transverse,
(c) transverse (using axial ASTM specimen).
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Figure 6.27. Strain-stress curves of compression simulations: (a) axial, (b) transverse.
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Figure 6.28. Strain-stress curves of shear simulations: (a) axial, (b) transverse.
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Figure 6.29. Strain-stress curves of shear simulations (with straight-sided specimen): (a) axial,

(b) transverse.
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Tube test

By using the tube FE model shown in Figure 6.18 and the material properties found in Table 6.8,
tube compression tests were simulated. Figure 6.30(a) shows the F-D curves of the tube
compression simulations. It shows that the average force level between the tests and simulation
are close. In the simulation, the oscillation was much larger than that in the tests, which was
probably caused by the relatively large element size. Especially, the initial peak force in the
simulations was much higher than that in the test. In the test, the tube specimen had a single 45°
bevel to act as a crack initiator. In the simulation, the punch had the crack initiator instead, but it
was inefficient to initiate the crack and reduce the magnitude of initial peak force in the F-D
curve. Figure 6.30(b) compares the absorbed energy of tubes in compression tests. It shows that
fine mesh FE model absorbs more energy than the coarse mesh FE model. The energy curve of
the test is between the energy curves of the two simulations. The deformed shapes of tubes are
shown in Figure 6.31. The post-test tubes are shown in Figure 6.15. The failure mode of the tube
in the compression simulation is similar to that shown in Figure 6.15(b) of the compression test.

6.3. Composite ladder frame

Traditionally, the ladder frame is made of steel because of excellent energy absorbing
performance and relatively simple manufacturing. The carbon fiber composite material is known
as an excellent SEA material. In other words, the substitution of steel to composite in ladder
frame provides an opportunity to reduce the weight of ladder frame without compromising its
stiffness and crash performance.

Based on the material properties of MATS58 and the FE model of the braided composite
developed above, the original steel ladder frame is changed to the composite ladder frame. Since
the composite material has different characteristics than steel, the applicability of composite
material to ladder frame was tested by stiffness and impact tests. Both tests would evaluate if the
composite ladder frame can provide equivalent performance to the steel ladder frame.

In this study, cost increases in the manufacturing process of composite products with current or
near future technology were not considered. Also, no geometric design changes induced by
material changes were considered.
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Figure 6.30. Force and absorbed energy curves of tube compression simulations: (a) force,
(b) absorbed energy.
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(a) (b)

Figure 6.31. Tube deformation in tube compression simulation: (a) rough mesh, (b) fine mesh.

Material substitution

The steel ladder frame of the Silverado is shown in Figure 6.32. The weight of the ladder frame
is 232 kg. The ladder frame consists of three sub-components; side rails, crossbeams, and mount
supporters. The side rails shown in red color in Figure 6.32 are the main energy absorbing
structure in frontal impact. The geometry of the side rails is a simple rectangular box shape. The
crossbeams, shown in green and brown in Figure 6.32, hold the side rails together and prevent
localized bending and twisting of the side rails. Also some of crossbeam supports the engine and
transmission. The mount supporters, shown in blue color in Figure 6.32, support the truck bodies
and suspensions. So, the mount supporters require high stiffness, durability, and hardness. The
weights of the side rails, crossbeams, and mount supporters are 125 kg, 47 kg, and 60 kg,
respectively. The carbon-thermoset braided composite was selected as the substitution material
for steel. The braided composite material was adapted only to the side rails. The design of the
ladder frame remained unchanged. The principle axes of the composite were oriented in the
vehicle longitudinal direction.

In order to evaluate the stiffness and crashworthiness of the ladder frame, component tests were
simulated. The thickness of side rails was adjusted to determine the equivalent stiffness and
strength of the composite ladder frame to the steel ladder frame. Three different thicknesses of
side rails were considered. The thickness and the corresponding weight of ladder frame are listed
in Table 6.10. The thickness is normalized by the original thickness. The weight of the ladder
frame was reduced up to 43.1 percent when the steel material of the side rails was changed to
composite material without a change to the thickness. When the thickness was increased to twice
and three times, the weight reduction was 32.3 percent and 21.6 percent, respectively.
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Figure 6.32. Ladder frame of Silverado.

Table 6.10. Thickness and weight of ladder frame

normalized weight weight difference weight reduction ratio
thickness [box frame only] (ke) (box frame only)
(kg) (%)
original 1.0 231.6 [125.1]
1.0 131.8 [ 25.3] 99.8 43.1[79.8]
new 2.0 156.8 [ 50.3] 74.9 32.3[59.8]
3.0 181.7[ 75.2] 49.9 21.6 [39.9]

Stiffness tests

Stiffness tests of the ladder frame were conducted to compare the bending and torsional stiffness
of the original and new ladder frame. The boundary conditions of stiffness tests are shown in
Figure 6.33. In the bending test, forces were applied to points at the middle of ladder frame and
the wheel location points of the ladder frame were constrained as shown in Figure 6.33(a). In the
torsion test, the rear wheel location points were constrained and forces were applied to the points
at the front wheel locations as shown in Figure 6.33(b).

Figure 6.34 shows the results of the stiffness tests. The stiffness of the composite ladder frame is
normalized by the stiffness of the original steel ladder frame. The composite ladder frame with
the original thickness of the steel ladder frame shows softer response than the steel one, but the
three times thicker composite ladder frame shows a stiffer response than the steel ladder frame.
The twice thicker composite ladder frame shows almost equivalent stiffness to the steel ladder
frame. It is observed that the stiffness of the composite ladder frame increased linearly when the
thickness was increased.
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Figure 6.33. Stiffness tests of Silverado ladder frame: (a) bending, (b) torsion.
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Figure 6.34. Stiffness of ladder frame.

Rigid wall impact tests

Rigid wall impact tests were performed to evaluate the crash performance of the composite
ladder frame. The test setup is shown in Figure 6.35. The front bumper was attached to simulate
the actual frontal impact test of a vehicle. The impact speed was 56 km/h (35 mph). Additional
mass was added at the mounting points to make the total weight of the ladder frame structure
becomes around 1000 kg.

Figure 6.36 shows a close-up view of the front area of the ladder frame. Figures 6.37 to 6.40
show the deformation of the ladder frame that occurred in the impact test. The original steel
ladder frame shown in Figure 6.37 demonstrated a folding deformation mode. The deformation
of the side rails reaches the suspension mount points as indicated by green arrows in Figure 6.37.
Figures 6.38 to 6.40 show the deformation of the composite ladder frame. The composite ladder
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frame demonstrated a fracture deformation mode. The composite ladder frame with the original
thickness of the steel ladder frame shows that the side rails are crushed just beyond the
suspension mount points as shown in Figure 6.38. The side rails with the twice the thickness are
crushed just beyond the front-end module mount points as shown in Figure 6.39. The side rails
with the three times the thickness are crushed just around the front bumper mount area as shown

in Figure 6.40.

Figure 6.35. Rigid wall impact test of Silverado ladder frame.
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Figure 6.36. Close-up view of front area of ladder frame (undeformed).
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(b)

Figure 6.37. Deformation of original steel ladder frame.

—102—



Investigation of Opportunities for Lightweight Vehicles Using Advanced Plastics and Composites

(b)

Figure 6.38. Deformation of new composite ladder frame (normalized thickness=1.0).
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(b)

Figure 6.39. Deformation of new composite ladder frame (normalized thickness=2.0).
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(b)

Figure 6.40. Deformation of new composite ladder frame (normalized thickness=3.0).
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Figures 6.41 and 6.42 show the velocity and wall force time histories, respectively. In

Figure 6.42, the wall force curve of the original ladder frame had two big peaks, which means
that the side rails were effectively designed to absorb impact energy by progressive folding. The
wall force curves of the composite ladder frame with twice or three times the thickness have one
big peak. The steel and composite ladder frames have different fracture modes. The original
geometric design of the steel ladder frame may not be efficient for the composite ladder frame.
The progressive fracture of composite side rails gets discontinued by the crossbeams and mount
supporters. The ladder frame had local bucking initiators as shown in Figure 6.36, but there was
no fracture initiator. So, when the initial fracture of the composite side rails stopped, initiating
the next fracture would require a higher force. In other words, the composite ladder frame has a
discontinuous fracture mode.
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Figure 6.41. X-velocity profiles of ladder frames: (a) in time, (b) in displacement.
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Figure 6.42. Wall forces of ladder frames: (a) in time, (b) in displacement.

Figure 6.43 shows the maximum crush of the ladder frame. The maximum crush of the
composite ladder frame is normalized by the maximum crush of the original ladder frame. It
shows that the original thickness composite ladder frame was quite soft. The twice the thickness
composite ladder frames was a little softer but the three times the thickness composite ladder
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frame was a little stronger. Unlike the stiffness test results, the impact test results are not linearly
increasing. This might have been induced by the discontinuous fracture mode of the composite
ladder frame.

Based on the stiffness and rigid wall impact tests, even if the twice the thickness composite
ladder frame was a little softer than the original steel ladder frame, it was determined that the
twice the thickness composite ladder frame provided equivalent stiffness and crash performance
because the new vehicle was light-weighted. Therefore, the weight of the ladder frame was
reduced to 156.8 kg, and thereby had a weight saving of 74.8 kg, which is a 32 percent decrease.
If the composite material had been applied to the cross members and mount supporters, the
weight of ladder frame could have been reduced more.
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Figure 6.43. Maximum displacement of ladder frame.
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7. Lightweight Components

Chapter 5 discusses the development of a lightweight vehicle. The Chevrolet Silverado was
selected as the candidate vehicle. The components listed in Table 5.3 were light-weighted to
develop the lightweight Silverado. Since part of the objective of this project was to examine the
possible safety benefits of lightweight PCIVs, component test simulations were conducted to
evaluate if the new lightweight components that are energy absorbing members provided
equivalent performance to their original steel component counterparts. This chapter provides a
description of the lightweight components and the results of their performance evaluations.

7.1. Occupant compartment structure

Roo

The roof panel is shown in Figure 7.1. The same structure was used as in the original, but
reinforcements were added around the roof boundary and B-pillar cross. The steel material was
switched to a polycarbonate plastic (SABIC, 2011a) and the reinforcement was a blend of semi-
crystalline polyester and polycarbonate (i.e., a PBT(or PET)/PC blend) (SABIC, 2011c). The
weight of the rear window was reduced from 20.54 kg to 11.72 kg, and thereby had a weight
saving of 8.82 kg, which is a 43 percent decrease.

A- and B-pillar reinforcements

In order to save some weight in the A- and B-pillars, composite inserts were applied to the A-
and B-pillar as shown in Figure 7.2 and the thickness of steel pillars was reduced. BASF
designed the composite inserts by using a 35 percent glass reinforced polyamide (PA6) (BASF,
2011). Both pillars were gauged down 20 percent. The total weight saving is about 1.5 kg.

Component tests

To evaluate the crashworthiness performance of the A- and B-pillars with composite inserts, two
component tests were conducted; a roof test as shown in Figure 7.3(a) and a B-pillar punch test
as shown in Figure 7.4(a). Figures 7.3(b) and 7.4(b) show that the modified A- and B-pillars
provide comparable crash performance to the original model.
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(@)

Figure 7.2. Pillar reinforcements: (a) A-pillar, (b) B-pillar.
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Figure 7.3. Roof tests: (a) test configuration, (b) comparison.
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Figure 7.4. B-pillar punch tests: (a) test configuration, (b) comparison.
7.2. Interiors

Seats

Chemical companies estimated that the weight of a rear seat could be reduced in the range of 20
percent to 40 percent by using lightweight plastics (Hojnacki, 2011, Naughton, 2009). LOTUS
estimated that the weight of the automotive seats could be reduced up to 50 percent (LOTUS,
2010). In the Silverado FE model, the seats were not modeled. Instead, the weight of seats was
distributed into the model as point masses. The original weights of the front seats and rear seat
were 50.5 kg and 44.56 kg, respectively. Based on the references and the discussion with BASF
(Plott, 2011), it was assumed that the weight of seats could be reduced 20 percent in this study.
Thus, the new weight of the front seats and rear seat was adjusted to 40.5 kg and 35.66 kg,
respectively. The total weight saving is 18.9 kg.

Instrument panel carrier

There are new lightweight materials and designs for replacing the traditional instrument panel
carrier (Bayer 2011, Slik, 2002, Jahn, 2005, Marks, 2008, Melzig, 2006). The details of the
instrument panel assemblies were not modeled in the FE vehicle model since they were not
structural components. Instead, they were added in as a distributed mass. In this study, it was
assumed that the weight of the instrument panel carrier was reduced around 4.0 kg and then the
added masses were adjusted accordingly.

7.3. Closures

Front fenders

The front fenders are shown in Figure 7.5. The steel material was changed to a modified
polyphenylene ether/polyamide resin (PPE/PA) blend (SABIC, 2011b). The original design was
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not changed. Instead the thickness was adjusted from 0.76 mm to 2.8 mm, which is a 360 percent
increase. However, the weight of the front fenders was reduced from 7.92 kg to 4.38 kg, and
thereby had a weight saving of 3.54 kg, which is a 45 percent decrease.

Figure 7.5. Front fenders (denoted by the red color).
Rear window

The rear window is shown in Figure 7.6. The same structure was used as the original, but
reinforcements were added around the boundary. The glass material was switched to a
polycarbonate plastic (SABIC, 2011a) and the reinforcement was a PBT(or PET)/PC blend
(SABIC, 2011c). The weight of the rear window was reduced from 6.5 kg to 3.77 kg, and
thereby had a weight saving of 2.73 kg, which is a 42 percent decrease.

Door beams

The original door beams are shown in Figure 7.7(a). BASF redesigned the door beams by
changing the original steel material to a 35 percent glass reinforced polyamide (PA6) (BASF,
2011) as shown in Figure 7.7(b). The weight of the door beams was reduced from 8.97 kg to 4.04
kg, and thereby had a weight saving of 4.92 kg, which is a 55 percent decrease.

Figure 7.6. Rear window (denoted by the red color).
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(b)

Figure 7.7. Door beams (denoted by the red color): (a) original, (b) new.
Door modules

SABIC suggested that the use of a long glass fiber reinforced polypropylene in door modules
applications could reduce some weight (SABIC, 2010). The detail structures of door modules
were not modeled in the FE vehicle model. Instead, their weight was added in the model as a
point mass. Since the redesigning work of door modules using composite material was extensive,
the original added mass was modified. SABIC recommended that, by using a long glass fiber
reinforced polypropylene, approximately 0.5 kg per door could be saved (Marks, 2011). The
total weight saving is about 2.0 kg.

7.4. Truck bed structure
Bed

The truck bed is shown in Figure 7.8. Actually, Bayer replaced the steel material to a high
density structural reaction injection molding (HD-SRIM) for about a 30-percent weight saving
(Seagrave, 2003, USDOE, 2001). In this study, the design of truck bed was not changed but its
material density was adjusted because the truck bed is not one of the involved structural
components in a frontal impact. The weight of the truck bed was reduced from 66.2 kg to
45.74 kg, and thereby had a weight saving of 20.46 kg, which is a 31-percent decrease.

Tailgate

The original tailgate is shown in Figure 7.9(a). SABIC redesigned the tailgate as shown in
Figure 7.9(b). The steel material was changed to a long glass fiber reinforced polypropylene
(SABIC, 2010), which is used for the middle structure, and a PBT (or PET)/PC blend (SABIC,
2011c), which is used for both cover sheets. The weight of the tailgate was reduced from
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19.62 kg to 10.96 kg, and thereby had a weight saving of 8.66 kg, which is a 44-percent
decrease.

Figure 7.8. Truck bed (denoted by the red color).

(a)
(b)

Figure 7.9. Tailgate assembly: (a) original, (b) new.

Rear fenders (truck bed outer panels)

The rear fenders (truck bed outer panels) are shown in Figure 7.10. The steel material was
changed to a modified PPE/PA blend (SABIC, 2011b). The original design was not changed.
Instead, the thickness was adjusted from 0.94 mm to 3.38 mm, which is the same increment used
in the front fenders. Actually, at this time it is difficult for a modified PPE/PA blend to be
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adapted for manufacturing wide rear fenders because of material shrinkage or expansion issues
during extremes of cold and heat (SABIC, 2006). In this study, however, it is assumed that
manufacturing processes could be improved and that the material could be made to meet
dimensional specification requirements in the near future. The weight of the rear fenders was
reduced from 23.93 kg to 13.09 kg, and thereby had a weight saving of 10.84 kg, which is a 45-
percent decrease.

Figure 7.10. Rear fenders (denoted by the red color).
7.5. Power train related

Engine and transmission

Table 7.1 shows the specifications of Silverado. The Silverado has two kinds of engines: theV6
and V8 engines as shown in Figure 7.11. Also, the Silverado has two body styles: the extended
cab and crew pickups as shown in Figure 7.12. The FE vehicle model is for the crew pickup with
the V8 engine. The vehicle size of all three vehicles listed in Table 7.1 is similar, but there is a
weight difference. In the extended cab pickup, there is 84 kg weight difference depending on
which engine is adopted. Basically, this weight difference comes from the change of engine,
transmission, and connecting assemblies.

In addition, the difference of the gross vehicle weight rating (GVWR) is 182 kg depending on
which engine is adopted. This means it would be reasonable to assume that, if the vehicle weight

is reduced below 183 kg, the V8 engine can be replaced by the V6 engine.

Table 7.1. Specifications of Silverado

NCAP GVWR Vehicle | Wheel | Vehicle
Test Model Year Body Style Engine Type (ke) Weight | Base | Length
No. & (kg) | (mm) | (mm)
6171 | SILVERADO | 2007 EXT];II\E]?[?PCAB 43LV6MPI | 2903 | 2210 | 3654 | 5821
6174 | SILVERADO | 2007 EXT];II\E%?PCAB 48LVSSFI | 3085 | 2204 | 3658 | 5824

6168 | SILVERADO | 2007 | CREW PICKUP 4.8L V8 SFI 3085 2307 3660 5830
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Figure 7.12. Silverado body styles: (a) extended cab pickup, (b) crew pickup.

In this study, the original V8 engine was replaced by the V6 engine and as a result the total
vehicle weight was lighter by over 15 percent of original vehicle weight, which is a decrease of
over 350 kg. It was assumed that the engine, transmission, and their assemblies were not
changed; but instead the material density was adjusted, although the actual size of V6 and V8
engines are different. Also, it was assumed that even the weight of the V6 engine could be made
lighter by using newer technologies and lighter materials, such as aluminum and magnesium.
With these assumptions, the substitutions led to al00kg weight saving in the engine and
transmission.

Front-end module

The original front-end module is shown in Figure 7.13(a). SABIC redesigned the front-end
module shown in Figure 7.13(b). The original parts of the front bumper assembly were reduced
from nine parts to one part. The steel material was changed to a long glass fiber reinforced
polypropylene (SABIC, 2010). The weight of the rear bumper was reduced from 13.43 kg to
5.65 kg, and thereby had a weight saving of 7.77 kg, which is a 58-percent decrease.
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(b)

Figure 7.13. Front-end module assembly: (a) original, (b) new.

Battery

In general, the lithium-ion battery is about 65-percent smaller and lighter than a lead-acid battery
(Energy Efficiency & Technology, 2011, Lithiummoto, 2011, Motor Sports Newswire, 2011,
Porsche, 2009). The weight of the lead-acid battery in the Silverado is 17.39 kg. In this study, it
was assumed that the original lead-acid battery could be changed to a lithium-ion battery without
changing the design or size. Thus the new weight becomes 7.17 kg, and thereby had a weight
saving of 10.76 kg, which is 60-percent decrease.

Oil pans

The engine and transmission oil pans are shown in Figure 7.14. Plastic oil pans have been
developed by chemical companies to reduce some weight (Smock, 2009). In this study, the steel
oil pans were changed to a 35-percent glass reinforced polyamide (PA6) (BASF, 2011). The total
weight of both the engine and transmission oil pans was reduced from 10.46 kg to 5.24 kg, and
thereby had a weight saving of 5.22 kg, which is a 50-percent decrease.
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Figure 7.14. Engine and transmission oil pans (denoted by the red color).

Drive shaft and yokes

The drive shaft and yokes are shown in Figure 7.15. Composite materials are used for replacing
the steel material to increase performance and to reduce the weight about 40 percent - 60 percent
(ACC, 2011a, BAC, 2011, Ogando, 2003, Strongwell, 2011). In this study, the steel material was
changed to composite material and the density is adjusted numerically. The total weight of drive
shaft and yokes was reduced from 6.37 kg to 2.69 kg, and thereby had a weight saving of 3.69
kg, which is a 58-percent decrease.

Rear differential carrier

The rear differential carrier is shown in Figure 7.16. Magnesium alloys are used for replacing
steel components to reduce the weight about 20 percent - 30 percent (Kulekci, 2008, Magnesium,
2011). In this study, it was assumed that the steel material could be changed to a magnesium
material, and the density was adjusted numerically. The weight of the rear differential carrier was
reduced from 35.19 kg to 26.39 kg, and thereby had a weight saving of 8.8 kg, which is a 25-
percent decrease.

Fuel tank
The fuel tank is shown in Figure 7.17. In general, replacing the steel fuel tank to plastic tank can

achieve about a 35-percent weight saving (ACC, 2011b). The original material of the fuel tank of
Silverado is plastic already. So, no material change was applied.
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Figure 7.16. Rear differential carrier (denoted by the red color).

, @

00

Figure 7.17. Fuel tank (denoted by the red color).
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7.6. Suspension related
Wheels

The wheels are shown in Figure 7.18. Steel wheels were used in the original Silverado. In general,
the aluminum alloy wheels are about 40-percent lighter than the steel wheels (Langsdorf, 2011). In
this study, the steel wheels were changed to aluminum alloy wheels. Since the wheels are basically
rigid in a frontal impact, the original wheel design was not changed and only the density of the
steel wheel was adjusted numerically. The total weight of all four wheels was reduced from 50.16
kg to 30.09 kg, and thereby had a weight saving of 20.06 kg.

Front brake disks

The front brake disks are shown in Figure 7.19. A carbon-ceramic brake disk is around 50-percent
lighter than a standard cast iron brake disk (SGL, 2011). In this study, it was assumed that the
weight of brake disks could be reduced 50 percent. The total weight of two frontal brake disks was
reduced from 28.77 kg to 14.39 kg, and thereby had a weight saving of 14.39 kg.

Tires
The tires are shown in Figure 7.20. Chemical companies are developing lightweight tires and a 5
percent - 20-percent weight reduction is achieved (DuPont, 2009, ExxonMobil, 2011). In this

study, it was assumed that the weight of the tires could be reduced 10 percent. The total weight of
all four tires was reduced from 87.49 kg to 78.74 kg, and thereby had a weight saving of 8.75 kg.

Figure 7.18. Wheels (denoted by the red color).

Figure 7.19. Front brexti;e disks (denoted by the red color).
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Figure 7.20. Tires (denoted by the red color).

Spare tire and its carrier

The spare tire and its carrier are shown in Figure 7.21. Some automakers replace the spare tire
with inflator kits to reduce the vehicle weight (AAA, 2011, Williams, 2011). In this study, the
spare tire and its carrier were removed, and thereby had a weight saving of 38.79 kg.

Leaf springs

The leaf springs are shown in Figure 7.22. The weight of a composite leaf spring is 50-percent -
80-percent lighter than the steel leaf spring (Hexcel, 2006, HYPERCO, 2011, Siddaramanna,
2006). Because the rear leaf springs are non-structural components in a frontal impact, it was
assumed that the original steel leaf spring could be changed to a composite without changing the
design. The material density of the leaf springs was adjusted numerically to save 70 percent of its
weight. The total weight of two leaf springs was reduced from 49.62 kg to 14.88 kg, and thereby
had a weight saving of 34.73 kg.

Figure 7.21. Spare tire and its carrier (denoted by the red color).
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Figure 7.22. Leaf springs (denoted by the red color).

Steering stabilizer links

The steering stabilizer link is shown in Figure 7.23. It is modeled as a beam element. Its steel
material was changed to a 35-percent glass reinforced polyamide (PA6) (BASF, 2011). The total
weight of the two steering stabilizer links was reduced from 0.36 kg to 0.22 kg, and thereby had
a weight saving of 0.14 kg, which is a 40-percent decrease.

(a) (b)
Figure 7.23. Steering stabilizer links: (a) actual model, (b) FE model (denoted by the red color).
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7.7. Ladder frame structure

Ladder frame

The ladder frame is shown in Figure 6.32. Its original weight was 231.6 kg. Based on the result
of material tests and simulations, the steel in side rails was changed to the carbon fiber-thermoset
braided composite. The detail material substitution of the ladder frame is described in Chapter 6.
The design of the ladder frame was not changed but the thickness of side rails was increased to
twice the thickness of the original design in order to have equivalent stiffness and impact
performance to the original steel ladder frame. Therefore, the weight of the ladder frame was
reduced to 156.8 kg, and thereby had a weight saving of 74.8 kg, which is a 32-percent decrease.
If the composite material is applied to cross members and mount supporters and optimal design
is adopted, the weight of ladder frame could be reduced more.

Transmission crossbeam

The original transmission crossbeam is shown in Figure 7.24(a). BASF redesigned the
transmission crossbeam as shown in Figure 7.24(b). The steel material was changed to a 35-
percent glass reinforced polyamide (PA6) (BASF, 2011), which is for the inner structure, and a
carbon continuous fiber reinforced thermoplastic (CFRT), which is for the outer covers. The
weight of the transmission crossbeam was reduced from 7.9 kg to 3.5 kg, and thereby had a
weight saving of 4.4 kg, which is a 56-percent decrease.

Rear bumper

The original rear bumper is shown in Figure 7.25(a). SABIC redesigned the rear bumper as
shown in Figure 7.25(b). The original parts of the rear bumper assembly were reduced from six
parts to three parts. The steel material was changed to a PBT(or PET)/PC blend (SABIC, 2011c)
, which is used for the middle structure, and a polypropylene plastic (SABIC, 2011a), which is
used for the bumper cover. The insert support is made of steel. The weight of the rear bumper
was reduced from 16.07 kg to 9.75 kg, and thereby had a weight saving of 6.32 kg, which is a
39-percent decrease.

Front bumper

The original front bumper is shown in Figure 7.26(a). SABIC redesigned the front bumper as
shown in Figure 7.26(b). The original parts of the front bumper assembly were reduced from
nine parts to five parts. The steel material was changed to a PBT(or PET)/PC blend (SABIC,
2011c) , which is for the deformable crash box, and a polypropylene plastic (SABIC, 2011a),
which is for the cover sheet. The insert support is made of steel. The weight of the rear bumper
was reduced from 16.31 kg to 8.70 kg, and thereby had a weight saving of 7.61 kg, which is a
47-percent decrease.

Component tests
The front bumper absorbs about 9 percent of impact energy in the frontal NCAP simulation as
shown in Figure 5.11. So, it is important to evaluate if the new front bumper can provide the
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equivalent crash performance to the original one. Therefore, component tests were conducted to
compare their crash performance. Two components tests were performed: a rigid wall test and a
pole test. The original front bumper was impacted into the rigid wall and into the pole with a
speed of 35 mph. For the new front bumper, the speed was adjusted to 30 mph to take into
consideration the lesser crash energy absorption requirements resulting from the vehicle mass
reduction. Figure 7.27 shows the rigid wall impact tests and Figure 7.28 shows the pole impact
tests. The new front bumper exhibits comparable crash performance in both tests as shown in
Figure 7.27(c) and Figure 7.28(c).
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24

Figure 7.25. Rear bumper assembly: (a) original, (b) new.

(b)

Figure 7.26. Front bumper assembly: (a) original, (b) new.

(b)

(a) (b)
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Figure 7.27. Rigid wall tests: (a) original, (b) new, (¢) comparison.
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Figure 7.28. Pole tests: (a) original, (b) new, (c) comparison.
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7.8. Summary

Table 7.2 summarizes all the weight savings described above. The total saving is 432.76 kg
which is about 19 percent of the original vehicle weight. Thus, the weight of the lightweight
vehicle becomes 1,874.24 kg.

Figure 2.1 shows that today’s average U.S. light vehicle contains plastics and composites that
account for about 10 percent of the total vehicle weight. Based on this fact, it can be assumed
that the weight portion of plastics and composites in the original Silverado is about 10 percent
(i.e., about 187.4 kg). Using this assumption, the total weight of plastics and composites in the
lightweight vehicle can be obtained by summing up the weight of existing plastics and
composites (187.4 kg) and the weight of newly added plastics and composites (254.35 kg). In
other words, the lightweight vehicle contains about 441.75 kg of plastics and composites, which
is about 23.6 percent of the total lightweight vehicle weight.
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Table 7.2. Summary of weight savings

saving weight (kg)
old new weight ] ] .
items weight weight saving (uS}ng (using (changn}g
(kg) (kg) (%) plast1c§ & othgr or removing
composites) materials) components)
Occupant compartment structure
roof 20.54 11.72 43% 8.82
A-pillar 0.20
B-pillar 1.32
Interiors
front seat 50.50 40.50 20% 10.00
rear seat 44.56 35.66 20% 8.90
IP retainer 4.10
Closures
front fenders 7.92 4.38 45% 3.53
rear window 6.50 3.77 42% 2.73
door beams 8.97 4.04 55% 4.92
door modules 2.00
Truck bed structure
bed 66.20 45.74 31% 20.46
tailgate 19.62 10.96 44% 8.66
rear fenders 23.93 13.09 45% 10.84
Power train related
engine & transmission 100.00
engine oil pan 7.54 3.72 51% 3.82
transmission oil pan 2.92 1.52 49% 1.43
drive shaft & yokes 6.37 2.69 58% 3.69
rear differential carrier 35.19 26.39 25% 8.80
front-end module 13.43 5.65 58% 7.77
battery 17.93 7.17 60% 10.76
Suspension related
wheels (4) 50.16 30.09 40% 20.06
front brake disks (2) 28.77 14.39 50% 14.39
tires (4) 87.49 78.74 10%) 8.75
spare tire & carrier 38.79 0.00 100% 38.79
leaf springs (2) 49.62 14.88 70% 34.73
stabilizer links 0.36 0.22 40% 0.14
Ladder frame structure
front bumper 16.31 8.70 47% 7.61
rear bumper 16.07 9.75 39% 6.32
transmission crossbeam 7.90 3.50 56% 4.40
ladder frame 231.60 156.80 32% 74.80
Vehicle 2307.00  1874.24 19%
sub-total saving 254.35 28.86 149.55
total saving 432.76
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8. Frontal NCAP Crash Simulations

8.1. Lightweight vehicle configurations

The light-weighted Chevrolet Silverado described in the previous chapter was developed by
substituting the original material with lightweight materials, such as plastics and composites.
Among all the substituted components in the Silverado, the ladder frame was found to be the
primary structural member due to its crash energy absorption role, and therefore its crash safety
performance was determined to be of great interest. In order to evaluate the crashworthiness
performance of the composite ladder frame, five different light-weight vehicle configurations
were investigated as described in Table 8.1.

The first lightweight vehicle configuration, which is referred to as Newl, has the new
lightweight components with the exception that the original steel ladder frame of the baseline
vehicle was retained. The second and third lightweight vehicle configurations, referred to as
New?2 and New3, have all the new lightweight components including the newly developed
lightweight composite ladder frame. The fourth and fifth lightweight vehicle configurations,
referred to as New4 and New5, have the original Silverado components, but include the
lightweight composite ladder frame. The New2 and New4 configurations use the composite
ladder frame but with the frame’s wall section thickness doubled; while the New3 and New5
configurations use the composite ladder frame with the frame’s wall section thickness tripled.
The weight differences for the various vehicle configurations are summarized in Table 8.2. The
New?2 is the lightest vehicle configuration and its weight is 1,874 kg, which constitutes an 18.8 -
percent weight reduction from the baseline vehicle. The movement of the CG from the original
location of the baseline vehicle is summarized in Table 8.3. The CG of the New?2 configuration
moved 20.0 mm toward the front of the vehicle and 11.0 mm in the upward direction.

Table 8.1. Description of lightweight vehicle configurations

Light-weighted vehicles Description
Baseline (original) original components +  original steel ladder frame
Newl new components +  original steel ladder frame
New2 new components + new composite ladder frame (2xt)
New3 new components + new composite ladder frame (3xt)
New4 original components + new composite ladder frame (2xt)
NewS5 original components + new composite ladder frame (3xt)
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Table 8.2. Weight of the various vehicle configurations

Baseline Newl New?2 New3 New4 New5
Vehlc(ll‘(’gv)ve‘ght 2,307 1,949 1.874 1,899 2,232 2,257
Weight reduction ) 358 433 408 75 50
. (kg) . '
Weight “’(‘3/‘;;“0‘1 ratio : 155 18.8 17.7 32 22

Table 8.3. CG point movement from original location (units: mm)

Newl | New2 | New3 | New4 | New5 Note
Lf)ngl?udlnal 22 20 20 -2 -2 Positive movement is toward vehicle front
direction (x)
I.{orlz.ontal 5 5 5 0 0 Positive movement is toward left side of vehicle
direction (y)
.Ver.tlcal 3 11 8 7 4 Positive movement is upward
direction (z)

8.2. Frontal NCAP crash simulations

Frontal NCAP crash simulations of the five lightweight vehicle configurations were performed.
The responses and deformations of the lightweight vehicle configurations are compared with
those of the baseline vehicle. Figure 8.1 shows the acceleration curves of each of the lightweight
vehicle configurations along with that of the baseline vehicle. The notable point in the
acceleration curves of the baseline vehicle is a big drop at 27 msec as highlighted in red circle.
The baseline vehicle has a large crumple zone which is depicted in the red circle shown in
Figure 8.2. During the frontal impact, the steel side rails in the crumple zone are crumpled to
absorb impact energy, which results in the big drop in the acceleration curve. In Figure 8.1, the
Newl acceleration is close to that of the baseline vehicle. New2 and New4, which have the
double wall thickness of the composite side rails, also result in accelerations that are close to the
baseline vehicle except they show a higher peak at a later time (after 60 msec) during the crash
event. All acceleration curves of the New1, New2, and New4 configurations show the drop at
around 27 msec. However, New3 and NewS5, which have the triple wall thickness of the
composite side rails, show a higher peak at around 27 msec.
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Figure 8.1. Acceleration history of vehicles: (a) Newl, New2 and New3, (b) New4 and NewS5.
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(b)

Figure 8.2. Crumple zone of the baseline vehicle (wheel hidden): (a) undeformed, (b) deformed.

Figure 8.3 shows the velocity curves for the various vehicle configurations. The initial speed of
the vehicles specified for the crash simulation was 56 km/h (35 mph), which is the specified
NCAP speed. All vehicles exhibited a similar rebounding speed, in the range of 4 to 7 km/h. The
red circle in Figure 8.3 highlights the vehicle responses that occurred during the crumple zone
deformation. The New1, New2 and New4 vehicle configurations show the similar slopes of the
velocity curves in Figure 8.3(a). The New3 and NewS5 configurations show somewhat steeper
slopes. Figure 8.3(b) show the velocity curves versus displacement. New2 shows a similar
velocity-crush response as the baseline vehicle. The New1 configuration exhibited a little less
crush while the New4 configuration has a little more crush than the baseline vehicle. The New3
and New5 configurations exhibited much less crush than the baseline vehicle.

Figure 8.4 shows the wall force curves. It can be seen that the force curve of the baseline vehicle
has five peaks within a certain force range. This less variable force profile is desirable because it
indicative of a controlled and gradual absorption of impact energy by the vehicle structure,
especially by the ladder frame. New1 shows a similar force curve and most of the peaks are
smaller than those for the baseline vehicle. This is explained by the facts that the vehicle mass is
reduced and the steel ladder frame is used. New2 has two peaks in the force curve and those peak
values are not much different. New4 also has two peaks but the second peak is very high relative
to the other. In general, this excessive high peak force before rebounding is indicative that the
energy absorbing capability of the frontal structure, especially the composite ladder frame,
bottomed out and resulted in an impact of the engine to the firewall. This was probably due to
the fact that the composite ladder frame was not re-designed optimally to absorb the impact
energy gradually. Nevertheless, the twice thickness of the composite ladder frame in New2,
which is the lightest vehicle configuration, relatively well-managed the impact energy without
any high peak. New3 and New5, which have the triple wall thickness of the composite ladder
frame, show one high peak in wall force curve at an early time (25 msec). That is, the triple wall
thickness of the composite ladder frame might be too stiff to provide a gradual absorption of the
impact energy.
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Figure 8.3. Velocity history of vehicles: (a) versus time, (b) versus displacement.
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Figure 8.4. Force history for rigid wall: (a) versus time, (b) versus displacement.
Table 8.4 summarizes the single response values of various vehicle configurations. In terms of
the maximum crush, the New1 vehicle configuration has less maximum crush than the baseline
vehicle and the New2 configuration demonstrated similar maximum crush as the baseline
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vehicle. The New3 and New5 vehicle configurations exhibited quite small maximum crush
values. Especially, the New4 configuration has the largest level. In terms of the maximum
acceleration, the New1 vehicle configuration exhibited a similar peak as the baseline vehicle, and
the New3 vehicle achieved the overall highest peak. The New2, New4, and New5 vehicle
configurations exhibited similar maximum accelerations that were higher than the baseline
vehicle’s maximum acceleration.

The vehicle stiffnesses, i.e., the crush-work stiffness (Kw400) (Mohan, 2007) and the global
energy-equivalent stiffness (Kg) (Nusholtz, 2005), were calculated using the wall force curves as
shown in Figure 8.4(b). The Newl, New2, and New4 vehicle configurations are softer than the
baseline vehicle. Above all, the New?2 vehicle configuration is the softest. On the other hand, the
New3 and New5 vehicle configurations are stiffer than the original. The New4 configuration is
the stiffest with respect to Kg and the New5 configurations is the stiffest with respect to Kyw400.

Table 8.4. Summary of vehicle responses

Vehicle Org Newl New2 New3 New4 New5

Maximum X-crush 675.8 642.1 678.7 489.0 707.9 548.2
(mm)

Maximum X-acceleration 36.5 36.7 %) 49.2 43.5 43
(G’s)
K400 24134 21808 1768.2 2869.8 19932 3043.0
(MPa)
Kg

MPa) 1530.8 14532 1255.8 2404.6 1368.6 21895

As shown in Figure 8.5, the intrusions at the fifteen cross-points of five Y-lines and three Z-lines
were measured at the end of the simulation time. Only the driver-side intrusion was investigated.
Z1 was located 100 mm above the vehicle floor. The horizontal and vertical intrusion profiles are
shown in Figures 8.6 through 8.8.

Figure 8.6 shows that the X-intrusions of the New1vehicle configuration is smaller than those of
the baseline, but the Z-intrusions of the New1configuration are close to those of the baseline
vehicle. Figure 8.7 shows the intrusions of the New2 and New3 vehicle configurations. The
New?2 configuration has smaller intrusions in both the X- and Z-directions. The New3
configuration has similar X-intrusions, but larger Z-intrusions. The New3 configuration shows
the smallest maximum crush, which means the composite ladder frame did not absorb enough of
the kinetic energy of the vehicle to reduce the inertia force on the front body (i.e., occupant
compartment structure and closures). So, the remaining inertia force induces the forward-down
movement of the front body. In addition, the crashed composite front-end module does not
provide enough support of the shotgun structures to prevent the rotational motion of the front
body. These movements led to the large Z-intrusion. The crash of the composite front-end
module led to the large Z-intrusions of the New1 configuration as well.

Figure 8.8 shows the intrusions of the New4 and New5 vehicle configurations. The New4
configuration shows similar X-intrusions and smaller Z-intrusions as the baseline vehicle. The
NewS5 configuration shows very small intrusions. Even though the New3 and NewS5 vehicle
configurations show similarly small levels of maximum crush, the New5 configuration has the
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original steel front-end module which deformed but did not fail during impact test and thereby
kept supporting the shotgun structure and prevented the rotational motion of the front body.

Figures 8.9 through 8.26 show the deformations of the baseline vehicle and the various vehicle
configurations. The deformation of the baseline vehicle is shown in Figures 8.9 to 8.11. The
folding mode of the steel ladder frame is observed. The deformation of the steel ladder frame
reaches a level that is behind the engine. The deformation of New1 vehicle configuration is
shown in Figures 8.12 to 8.14. The deformation of the New1configuration, which has the
original steel ladder frame, is very similar to that of the baseline vehicle.

The deformation of the New2 vehicle configuration is shown in Figures 8.15 to 8.17. The
fracture mode of the composite ladder frame can be observed. The bending fracture of the
composite side rails occurs at around the transmission crossbeam. The deformation of the New4
vehicle configuration shown in Figures 8.21 to 8.23 is very close to that of the New?2
configuration. The deformation of New3 vehicle configuration is shown in Figures 8.18 to 8.20.
Recall that the New3 configuration has the composite ladder frame with the triple wall thickness.
The fracture of the composite ladder frame of the New3 configuration reaches to a location in the
area around the front-end module mounts. The deformation of the New5 vehicle configuration
shown in Figures 8.24 to 8.26 is also very close to that of the New3 configuration.

v v 8 X
Figure 8.5. Measurement points of vehicle intrusion (unit: mm).
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Figure 8.6. Vehicle intrusions of the New1 vehicle configuration: (a) vertical profile,
(b) horizontal profile.
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Figure 8.7. Vehicle intrusions of the New2 and New3 vehicle configuration: (a) vertical profile,
(b) horizontal profile.
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Figure 8.8. Vehicle intrusions of the New4 and New5 vehicle configuration: (a) vertical profile,
(b) horizontal profile.
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(d)

Figure 8.9. Deformation of baseline vehicle.
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(b)

Figure 8.10. Deformation of baseline vehicle (frontal area, wheel hidden).
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(b)

Figure 8.11. Deformation of steel ladder frame of baseline vehicle.
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(d)

Figure 8.12. Deformation of New1 vehicle configuration.
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(b)

Figure 8.13. Deformation of New1 vehicle configuration (frontal area, wheel hidden).

— 144 —



Investigation of Opportunities for Lightweight Vehicles Using Advanced Plastics and Composites

(b)

Figure 8.14. Deformation of the steel ladder frame of the New1 vehicle configuration.
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(d)

Figure 8.15. Deformation of the New?2 vehicle configuration.
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(b)
Figure 8.16. Deformation of the New?2 vehicle configuration (frontal area, wheel hidden).
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(b)

Figure 8.17. Deformation of the composite ladder frame (2xt) of the New2 vehicle configuration.
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(d)

Figure 8.18. Deformation of the New3 vehicle configuration.
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(b)
Figure 8.19. Deformation of the New3 vehicle configuration (frontal area, wheel hidden).
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(b)

Figure 8.20. Deformation of the composite ladder frame (3xt) of the New3 vehicle configuration.
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(d)

Figure 8.21. Deformation of the New4 vehicle configuration.

—152—



Investigation of Opportunities for Lightweight Vehicles Using Advanced Plastics and Composites

(b)

Figure 8.22. Deformation of the New4 vehicle configuration (frontal area, wheel hidden).
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(b)

Figure 8.23. Deformation of the composite ladder (2xt) frame of the New4 vehicle configuration.
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(d)

Figure 8.24. Deformation of the New5 vehicle configuration.
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(b)

Figure 8.25. Deformation of the New5 vehicle configuration (frontal area, wheel hidden).
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(b)

Figure 8.26. Deformation of the composite ladder frame (3xt) of the New5 vehicle configuration.
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8.3. Summary

The crashworthiness of the lightweighted vehicle is investigated using frontal NCAP crash
simulations. The five lightweighted vehicle configurations listed in Table 8.1 were developed to
evaluate the crash performance of the composite ladder frame. The responses of five vehicles in
the frontal NCAP simulations are analyzed above. Because the ladder frame of the Silverado is
the primary energy absorbing member during a frontal crash, it can be observed that the material
replacement in the ladder frame substantially affects the change in vehicle responses in frontal
NCAP simulation.

The Newl substantially has all new components listed in Table 7.2 except for the composite
ladder frame. The weight of the New1 configuration is 1,949kg, which is a 15.5-percent decrease
from the baseline vehicle. Since the New1 configuration has the original steel ladder frame, the
vehicle response curves and deformations in the frontal NCAP test are not much changed from
the baseline vehicle. However, it can be seen that the New1 substantially has smaller intrusions
than the baseline vehicle, which resulted from the effect of the weight reduction of the vehicle.
Actually, it is observed that the vehicle intrusion becomes smaller when the vehicle weight gets
lighter through reducing the mass in the non-structural components (Tahan, 2012).

Since all other vehicles except the New1 configuration have the composite ladder frame, their
responses and deformations changed from those of the baseline vehicle. The steel ladder side
rails demonstrated a folding deformation mode, while the composite side rails exhibited a
fracture mode. It is noted that the fracture mechanism of the composite ladder frame may not
have absorbed the impact energy in an optimally efficient way because the ladder frame had not
been redesigned accordingly.

The New?2 vehicle configuration has all new components including the composite ladder frame
where the thickness of side rails is the twice that of the baseline vehicle. The weight of the New?2
configuration is 1,874 kg, which is an18.8-percent decrease from that of the baseline vehicle.
The New?2 configuration has a little higher acceleration peak at a later time during the crash
event, but the intrusions are smaller than the baseline vehicles. The New4 vehicle configuration
has the composite ladder frame but the other components are the same as the baseline vehicle.
The weight savings is just 3.2 percent. The New4 vehicle configuration has a little higher
acceleration peak at a later time during the crash event, but the intrusions are a bit smaller than
those of the baseline vehicle. The New3 and NewS5 vehicle configurations have the composite
ladder frame with triple wall thickness of the side rails. The simulation results show that the
triple thickness of the composite side rails were strong and stiff and did not deformed much. That
is, the New3 and New5 vehicle configurations became more aggressive.

Consequently, the structural performance of lightweighted vehicles can be summarized as

e It was observed that the vehicle mass reduction contributes to decrease the vehicle frontal
intrusion when vehicles have similar front structures.

e The deceleration of a vehicle was more likely to be dependent on the vehicle stiffness and
crash mechanisms, rather than vehicle mass reduction. A composite ladder frame optimally
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designed for efficient energy absorption may improve the deceleration of light-weighted
vehicles.

Overall, the light-weighted vehicles using advanced plastics and composites provide
equivalent structural performance (intrusion and crash pulse) to the baseline vehicle in the
frontal impact condition.

In order to evaluate the comprehensive crashworthiness performance of the light-weighted
vehicles, it is required to investigate occupant responses and structural performance using
other impact conditions (e.g., frontal offset, vehicle-to-vehicle and vehicle-to-pole side, and
rear impacts).
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9. Conclusions

The primary goal of this multi-year research project was to identify and evaluate the safety
benefits of structural plastics and composites applications in future lighter, more fuel-efficient,
and environmentally sustainable vehicles. The research objectives of this project were (1) to
evaluate the current state of modeling and simulation tools for predicting impact response of
composite materials in automotive structures, (2) to investigate weight reduction opportunities in
a current vehicle, and (3) to evaluate the impact of light weighting on crashworthiness.

In order to investigate the weight reduction opportunities in a current vehicle, a lightweight
vehicle was developed numerically from the original FE model of a 2007 Chevrolet Silverado,
which is a body-on-frame pickup truck. Based on the literature review and with help from the
ACC PD’s member companies (particularly, SABIC, BASF, and Bayer MaterialScience),
candidate steel vehicle components in the Silverado were selected and light-weighted. These
components included:

e Occupant compartment structure: roof, A- and B-pillars;

e Interior: seats, IP carrier;

e C(Closures: front fenders, rear windows, door beam, door modules;

e Truck bed structure: bed, tailgate, rear fenders;

e Power-train related: engine and transmission, oil pans, drive shaft, rear differential carrier,
front-end module, battery;

e Suspension related: wheels, front brake disks, tires, spare tire and carrier, leaf spring, steering
stabilizer links; and the

e Ladder frame structure: front bumper, rear bumper, transmission crossbeam, and ladder
frame.

Plastics and composites were considered as the primary substitute materials in this study.
However, some components were changed to other lightweight materials (aluminum or
magnesium), replaced to lightweight components, or removed. The original vehicle weight,
2,307 kg, was reduced to 1,874 kg, which is about a 19-percent decrease. As a result, the
lightweight vehicle contains about 442 kg of plastic and composites, which represents about 23.6
percent of the total weight of the lightweight vehicle.

Among the various components, the steel ladder frame (which is the primary structural member
of the Silverado) was also light-weighted with a carbon fiber-thermoset matrix braided
composite which material properties were obtained from various physical material tests. The
component simulation results of the composite ladder frame shows that the composite ladder
frame with side rails with double wall thickness could provide an equivalent stiffness and impact
performance to the original steel ladder frame.

In order to evaluate the impact of light weighting on crashworthiness, the frontal NCAP test of
the developed lightweight vehicles was simulated. Six vehicles configurations were considered:

e Baseline (original) vehicle: original components and original steel ladder frame,
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e Light-weighted vehicle 1 (New1): new components and original steel ladder frame,

e Light-weighted vehicle 2 (New2): new components and new composite ladder frame (double
wall thickness of side rails),

e Light-weighted vehicle 3 (New3): new components and new composite ladder frame (triple
wall thickness of side rails),

e Light-weighted vehicle 4 (New4): original components and new composite ladder frame
(double wall thickness of side rails), and

e Light-weighted vehicle 5 (New5): original components and new composite ladder frame
(triple wall thickness of side rails).

The accelerations, velocities, and intrusions of the vehicles; wall forces; and deformation
behaviors of the various vehicle configurations and ladder frames were analyzed. The responses
and deformations of the vehicles with the composite ladder frame were changed from those of
the Baseline vehicle, which has the steel ladder frame. The steel ladder side rails deformed in a
folding deformation mode; while the composite side rails exhibited a fracture mode.

The results of the frontal NCAP simulations can be summarized as:

e Compared to the baseline vehicle, the intrusion of the light-weighted vehicles was smaller. It
was observed that the vehicle mass reduction contributes to decrease the vehicle frontal
intrusion when the baseline and light-weighted vehicles have similar frontal structure
stiffness characteristics.

e Compared to the baseline vehicle, the maximum acceleration of light-weighted vehicles was
increased. The deceleration of a vehicle was more likely to be dependent on the vehicle
stiffness and crash mechanisms, rather than vehicle mass reduction. A composite ladder
frame optimally designed for efficient energy absorption may improve the deceleration of
light-weighted vehicles.

e Overall, the light-weighted vehicles using advanced plastics and composites provide
equivalent structural performance to the baseline vehicle in the full frontal impact condition.

e In order to evaluate the comprehensive crashworthiness performance of the light-weighted
vehicles, it is required to investigate occupant responses and structural performance using
other impact conditions (e.g., frontal offset, vehicle-to-vehicle and vehicle-to-pole side, and
rear impacts).

In conclusion, this study demonstrates that:

e Using plastics and composites can reduce the vehicle weight efficiently,

e Automotive structural member of carbon FRP composites can provide equivalent crash
performance in the frontal impact condition, and

e The light-weighted Silverado using advanced plastics and composites provides equivalent
structural performance in the frontal impact condition.
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Also, this study recommends further research, such as:

e Undertaking a clean sheet design from the ground up (rather than the less optimal component
redesign approach) to provide an maximal approach for weight reduction,

e The investigation of the lightweight opportunities of other types of vehicles (passenger car,
van, sports utility vehicle),

e The evaluation of the crashworthiness of light-weighted vehicles in other crash
configurations (side and rear impacts and roof crush, etc.),

e The study of cost analysis, and vehicle repair and maintenance issues of plastics and
composites components

e The enrichment of material database of plastics and composite, and

e The improvement of crash analysis methods of plastic and composites.
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1.0 INTRODUCTION

The Plastic and Composite Intensive Vehicle (PCIV) safety research programs,
sponsored by the Department of Energy, are focused on increasing fuel efficiency and reducing
vehicle weight without compromising crash safety. Some of the materials currently under
investigation are long fiber-filled polymers and composites. It is critical to understand the change
in the material response and energy absorption of these materials under impact conditions if they
are to be considered in the design of automotive components and structures.

The behavior and deformation of composites under impact conditions is different from
the typical metals used in structural components. The failure modes (delamination, matrix
debonding, fiber breakage, etc.) have to be modeled on both a micro and macroscopic scale to
capture the correct response. Materia property data at rates above quasi-static (typically above
0.0001/s) are needed to validate and optimize the models.

The small specimen length needed to achieve the high ratesis usualy in direct conflict
with the size needed to represent bulk material properties, especially for composites. The gage
length and cross-sectional area of current high rate specimens are relatively small (approximately
3 to 10 mm) and approach the magnitude of the unit “cell” of many fabric weaves, braids, or
hybrid sandwich materials. Increasing the specimen width in order to test a larger volume of
material often runs into the roadblock of equipment capacity.

Composite testing at quasi-static rates poses a unique set of concerns, such as specimen-
to-specimen variability, failures within the gage section, and non-homogeneous regions. High
rate testing introduces several others, such as specimen configuration, resonant ringing, strain
measurement to failure, and actuator capacity. The goal of generating representative bulk
material properties may be difficult to achieve over awide strain rate regime depending on the
type of composite and equipment capacities.

The goal of the effort at the Structures and Materials Evaluation (SME) Group of the
University of Dayton Research Institute (UDRI) was to identify a composite that would be
suitable to use for automotive structural components and to generate material property dataon a
coupon and component level at rates above quasi-static. The program involved material
selection, specimen and fixture design, specimen and fixture fabrication, coupon testing (tensile,
compression, and shear), and tube testing.

20 INITIAL TEST MATRIX

The original scope of the test program is outlined in Tables 1 and 2. The maximum test
rates were not known at the start. The results from the lower rate tests and the final specimen
designs were to dictate the upper rate for each test. However, some assumptions had to be made
regarding the scope of the test program to serve as the basis for the composite panel
requirements. The final test matrices are summarized in Section 4.0.
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Table 1. Initial Coupon-Level Test Matrix

Machine Rate [m/min]
00006 | 06 | 1224
Estimated Nominal Strain Rate[1/s]
0.0004 0.04-0.08 4-8
Tension-per Axial 3 0 0
ASTMD3039| Transverse | __ | L o __ 1 __90 ___
Higher Rate | Axial | S o3 3
___Tenson ] - Transverse | ___ S___ L ___ S___J.___3 ___
Compression Axial 3 3 3
S N Transverse | ___ S___ L ___ S___J.___3 ___
Higher Rate Axial 3 3 3
Shear Transverse 3 3 3
Total 21 18 18
Grand total 57

Table2. Initial Tube Compression Matrix

Machine Rate [m/min]
15 ~60 ~480
Straight End 3 0 0
Single bevel 3 3 3
Total 6 3 3
Grand total 12

3.0 MATERIAL

3.1 General Background

Composite materials are available in alarge variety of fiber types, resin systems, and
architectures. Current automotive applications are mainly non-structural, such as instrument
panels, interior trim, leaf springs, fuel tanks, hoods, fenders and other exterior panels.

Composites are attractive because of the high strength to weight ratio, design versatility,
corrosion resistance, and potential for parts consolidation. Some of the disadvantages are low
ductility, recyclability, energy absorption, high material costs, and low production volume[1,2].
They are generally made with either glass or carbon fibers and amatrix of athermoset or
thermoplastic polymer. Composite recyclability has increased the interest in the use of natural
fibers, such as bamboo, flax, jute, sisal, and banana, as areplacement for glassfiber. [3,4,5]
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The focus of this study was to identify a composite architecture that would provide high
strength, stiffness, and energy absorption. The potential application was for a F150 truck body
rail, which was being modeled by George Washington University (GWU). The DOE specificaly
tasked UDRI and GWU to not consider the overall cost of the material nor part production® in
the material selection. The DOE wanted to identify what scale of improvement could be
achieved using composites and to use this as a target benchmark. GWU and DOE were also
interested in selecting a materia for which there was some published quasi-static material
properties for comparison to the high rate data. A secondary goal wasto provide the genera
engineering community with a data set of material properties which would be used for model
validation.

3.2 Composite Architecture and Resin

The high strength and stiffness of carbon fiber makesit an ideal candidate for an
automotive structural application. As shown in Table 3, its strength and stiffness is two to three
times that of the typical E-glass. Its modulusis aso at |east twice that of either E or S-glass.
Since the carbon fiber density is also low, the overal performance to weight ratio of a carbon
compositeis higher than a glass composite. Thisis an advantage in the design of integrated parts
for lightweighting vehicles.

Table3. Carbon and Glass Fiber Strength and Stiffness

. Tensile Strength Elastic Modulus Density
Materia [MPd [GPd [gm/mi]
Ca{g%gg(%?er 4900 230 20
E Glass"” 1900-2600 73 2.5
S-glass® 4380-4590 88-91 2.48
Natural fibers® 400-1500

Thermoset polymers are preferred for high performance applications since the polymer
matrix will not soften at the expected maximum service temperatures (e.g. 80°C). Epoxy resins
are often used with carbon fibers since epoxies offer high strength, low shrinkage, electrical
insulation, and chemical and solvent resistance with low cost [2]. They wet the material easily
and the composite can be processed using a variety of methods. Phenolic resins are slightly more
expensive and tend to be used for those applications which have stringent fire and smoke
requirements.

The polymeric resin serves to bind the fiber architecture and to transfer the applied loads.
The composite mechanical properties are mainly defined by the fiber architecture. The optimum
design for maximum strength and stiffnessis a unidirectional layup of carbon fibers which are
located parallel to the loading axis[2] A single directional fiber lay-up isonly practical if the
loading direction is well-defined.

! Kick-off meeting at the National Crash Analysis Center GWU 19 November 2009
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Multi-directional loading requires a series of layers or plies of unidirectional fiberswhich
can be oriented at various angles to coincide with the expected |oading directions. The composite
can also be designed to represent an isotropic material, usually by using aternating layers of
+/-45° and 0° unidirectional plies. The mechanica properties are dependent on the angles of the
layers and the symmetry. The properties will approach, but not equal, those of a unidirectional
laminate along a given axis[§].

Some alternative methods use chopped fibers, fabric weaves, or fiber braid as away to
handle the issue of off-axis or multi-directional loads. Chopped fibers can be incorporated in
several ways. Two common methods are to use a mat which consists of randomly oriented fibers
of agiven length or to injection mold the precut fibers along with the resin into the final part.
The mechanical attrition of the fiber varies with the processing parameters. Injection molding
tends to cause the most damage to the fiber, often reducing the starting length by a factor of 10 or
more [9,10].

Fabric weaves provide bundles of fibersin the 0° and 90° directions. The mechanical
properties are affected by the number of fiber bundles, or tows, the number of fibers per tow, and
the weave pattern. A loose weave, such as an 8 harness satin, allows the fabric to drape and
match mold contours. However, the looser weave pattern is aresult of fewer bundles per inch of
fabric, and the mechanical properties are less than for atighter weave.

Triaxia braided composites can offer an isotropic design by utilizing axial and angled
fiber bundlesin asingle plane. These are called two-dimensional triaxial braid (2D braid).
Typica angles are 0° axial tows with £60° or £45° tows. Through-the-thickness fibersresult in a
three-dimensional triaxial braid (3D braid). Braided composites also offer better damage
resistance, torsional stability, and bearing strength compared to unidirectional or weaved
composites[1,2]

Triaxial braid has been used in the commercial aerospace and automotive industry for
over 20 years. It has been the focus of the Automotive Composites Consortium (ACC) of US Car
and NASA for severa years and many articles have been published. [11-14]. It iswell-suited for
components which are of ssmply geometry, such as a vehicle shaft, and can provide off-axis as
well as unidirectional strength.

3.3 Fina Material Selection

Input was solicited from technical members in the aerospace and automotive community
regarding the best suited composite material and architecture for the proposed application. Some
of the technical points of contact were: Dr. Khaled Shahwan (Chair-ACC100, Energy
Management Committee Automotive Composites Consortium, Chrysler Group), Dr. Gary
Roberts (Material Engineer, National Aeronautics and Space Administration Glenn Research
Center [NASA]), Dr. Ming Xie (Senior Engineer, GE Aviation), Mike Schneider (Chief
Consulting Engineer, Composite Applications, GE Aviation), Todd Bullions (Staff Engineer,
Composite Material Behavior, GE Aviation), Dan Houston (Chair ACC Materials Committee,
Technical Specialist, Manufacturing and Processes Department, Ford Motor Co.), Dr. Steve
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Mitchell (Group Leader, Composites Manufacturing and Technology Transition, UDRI), Alan
Fatz (Director, National Composites Center), Dr. Anthony Waas (Professor, Aerospace
Engineering, University of Michigan) and Dr. Mike Braley (Vice-President Application
Engineering, A& P Technology).

The overall consensus from the technical experts was to use a braided carbon-thermoset
composite since both mechanica and impact properties were important in the potential
application of a shaft. Various studies by NASA had published articles using 0°/+60° 2D triaxial
braid and quasi-static tensile, compression, and shear datawere available [11-14]. The literature
and survey results were discussed with GWU and it was decided to proceed using a 0°/+60° 2D
triaxial braid, hereafter referred to as 2D3A. Although the 60° braid angle may not be the one
selected for afinal shaft component, results from the program could be used to validate finite
element models.

3.4 2D3A Specifications

The carbon fiber was Torayca® T700S C 12000, manufactured by Toray Carbon Fibers
America, Inc. The braid architectureis given in Table 4. The axia fiber tows contained 24K
fibers. The bias tows contained 12K fibers. The spacing of the axial and bias tows were such to
provide the same volume of fiber bundlesin all directions so that the properties were in-plane
isotropic. The resin was Epon 862 epoxy with Epikure W curing agent, both manufactured by
Momentive. The resin and agent were selected because it was the same combination used in the
published literature for the 2D3A [11-14]. The materia properties arein Appendix A.

Table 4. 2D3A Tow Description

Triaxial Broadgood Design Form (Double Slit)
Product Code: AP6699
Fiber orientation Bias | Axial Total
Fiber type| T700SC 12K [T700SC 12K
Total Sleeve Perimeter (in) 47.89
Slit Broadgood Width (in), 23.94
wn Diameter (in)| 15.243 15.243
= Angle ° 60.0 0.0
2 Number of Carriers 272 136
o -
= Ends/Carrier] 1 2
- Raw Fiber Yield (yd/Ib)] 621 621
Fiber Density (Ib/in3) 0.064 0.064
Yarn Bulk Factor 1.10 1.10
Yarn Aspect Ratio| 0.056 0.056
Part Fiber Volume 57% 57%
Layer Thickness (in) 0.0139 0.0070 0.0209
Material Content (% by wolume)| 66.7% 33.3% 100.0%
Material Content (% by weight)| 66.7% 33.3% 100.0%
Percent Coverage 100.0% 57.9%
@ Areal Weight (oz/yd2)] __10.5 53 158
) Areal Weight (gsm) 357.3 178.6 535.9
o Yield of full Sleeve (ft/Ib)| 3.42 6.85 2.28
'5 Yield of double slit B/G _(ft/Ib) 4.57
(@) PPI| 4.9 4.9
EPI| 5.7 2.8
Bundle Width| 0.175 0.247
Bias Yarn CL Spacing (in)) 0.176
Bias Yarn Edge Spacing (in) 0.001
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3.5 Panel Fabrication and Properties

The required number of panels was sel ected based on initial specimen configuration
concepts, discussed in detail in Section 4. A large panel was used to accommodate the expected
specimen lengths and to minimize the scrap. The panel thickness was dictated by expected
tensile coupon size and UDRI equipment capacity. A maximum of three layers could be
accommodated, based on published quasi-static mechanical properties[11-14].

The 2D3A was received as a braided sock. The sock was split aong the longitudinal axis
and cut to length. Three layers were used for each panel to minimize out-of-plane strains and
warpage?. The appropriate amount of resin film was added to achieve the desired thickness and
target fiber content of 56%. Each panel was assembled, bagged for the autoclave, and then cured
by the following cycle: The temperature was ramped up at 1.7°C/min (3°F/min) to 121°C
(250°F). The pressure was held at 0.68 MPa (100 psi) for two hours. The temperature was
ramped up to 176°C (350°F) at 1.7°C/min and held for two hours. The autoclave was then cooled
to room temperature and the pressure rel eased.

Six panels were cured in each cycle. The final panel dimensions were 610 mm x 610 mm
x 1.7.mm (24”x24"x0.68"). A total of 18 panels were fabricated. There was some settling of each
fiber layer during processing and the 0° axial fiber tows did not necessarily align through the
thickness. Regionsin apanel where it did occur had wide variations in thickness with noticeable
peaks and valleys on the free surface, i.e. the surface not against the tooling. For example, the
thickness variation of arelatively flat panel was 0.12 mm compared to 0.47 mm for a panel with
noticeable peaks and valleys. The specimen measurement sheets, located on the program CD,
illustrate the overal range in thickness.

At least two samples were selected for fiber content analysis. The specific gravity and
fiber content of the tested panels are summarized in Table 5. The average specific gravity was
1.522 +0.028 and the average fiber content was 57.16% * 5.86%. Four of the panels (073010-3,
073010-4, 073010-5, and 080210-6) had standard deviations in the fiber content in excess of
4 percentage points. The rest had standard deviations less than 2 percentage points. The datain
Table 5 reflect the input from al of the samples for each panel. The detailed panel physical
properties are in Appendix B.

Axial and transverse cross-sections were taken from two regions to check on the fiber
distribution. Appendix C contains photographs of select panels and shows the sample locations
used for fiber content analyses and the cross-sections. It also shows the specimen locations.

Figures 1 and 2 show the typical axial cross-sections for two panels. The grey regions are
the 0° fibers. The two panels vary by 0.24 mm in peak thickness, illustrating the variation
mentioned earlier. The 0° fibers are the lighter regions in the transverse cross-section of Figures
3 and 4. A higher amount of resin is noticeable in the tow cross-over regions in both orientations.
Sample photomicrographs taken at 50X are in Appendix D. Additional photomicrographs are on
the program CD.

2 Warpage has been noted using single and double layers, as discussed in phone conversations with Mike Braley on
10 April 2010 (A&P Technology) and Todd Bullions (GE Aviation).
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Table5. Laminate Physical Properties

Specific .
Pand Gravity Fiber content
e . % (standard
I dentification (standard deviati
. eviation)
deviation)
072910-1 1.528 (0.005) 56.75 (0.91)
072910-2 1.538 (0.006) 59.45 (0.44)
073010-1 1.505 54.11
073010-2 1.516 (0.028) 56.99 (1.90)
073010-3 1.524 (0.006 59.45 (5.18)
073010-4 1.536 (0.003) 51.71 (6.69)
073010-5 1.529 (0.14) 61.35 (10.8)
073010-6 1.527 (0.007) 57.35(0.17)
080210-6 1.481 (0.076) 55.30 (3.96)
Overall 1.522 (0.028) 57.16 (5.86)

Figure 1. Axial Cross-Section of Panel 073010-1 at 25X

Figure 2. Axial Cross-Section of Panel 080210-6 at 25X

Figure 3. Transverse Cross-Section of Panel 073010-1 at 25X

Figure 4. Transver se Cross-Section of Panel 080210-6 at 25X
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3.6 Tube Fabrication and Properties

Part of the test program included testing of a structure, such as a box or tube. Several
papers are available detailing the results of crush tests of rectangular boxes, open sided boxes,
and tubes [15-17]. A cylindrical tube was chosen because of its ssmplicity for modeling and ease
of fabrication.

The bulk fiber volume of abraided tube is different from aflat panel. Theinitial layer
goes over amandrel that has been machined to the desired diameter. Thefirst layer will have the
tightest braid. Each subsequent layer is alittle looser in comparison as the carbon is braided over
an increasingly larger diameter. The tows have more freedom to move and settle compared to a
flat plague. Wrinkling can also occur as the number of layers increases. Differences in tube fiber
content can be adjusted by normalizing to a given fiber level, given the assumption that the resin
contribution is negligible. While thisis sufficient for uni-axial compression, it is not accurate for
off-axis crush tests.

The bulk volume can be increased by adding atackifier to the resin. The overbraided
mandrel is debulked between layers to remove entrapped air. This method was not chosen for
two reasons: 1) the flat panels did not contain atackifier, and 2) the additional cost was not
within the program budget.

Ten mandrels were machined by the composite molder, AAR Precision, to the desired
diameter of 101 mm (4.0”). The mandrels were shipped to A& P Technologies for overbraiding
with three layers of 0°/£60° T700 carbon fiber. The braided tubes were then shipped back to
AAR for molding using Epon 862W resin. One of the tube preforms was damaged during
fabrication and was not molded.

The final tube length was 610 mm with awall thickness of approximately 3.8 mm. Each
tube was cut into two pieces, approximately 266 mm long. Samples were taken for fiber content
analysis from each end of the original tube and the center. The tube physical properties arein
Table 6. The average specific gravity was 1.448 + 0.019 and the average fiber content was
44.44% + 2.77. Appendix B contains the detailed physical properties. Both the specific gravity
and fiber content was lower than the flat panels. The fiber content was lower by 17 percentage
points.

The axia and transverse cross-sections of atube are shown Figures 5 and 6. The grey
areasin Figure 5 are the 0° fibers. The vertical alignment has not been maintained through the
thickness. The pockets of resin at the tow intersections are higher than that seen in the panels
(Figures 1 to 4). Additiona photomicrographs are in Appendix D.
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Table 6. Tube Physical Properties

Specific .
Tube Gravity ;b?ggﬂgt;g
| dentification (standard deviati
. eviation)
deviation)

103-1 1.470 (0.022) 46.58 (4.14)
103-2 1.446 (0.014) 43.17 (1.64)
103-3 1.446 (0.005) 42.59 (1.03)
103-4 1.446 (0.012) 42.90 (1.91)
103-5 1.470 (0.020) 46.89 (3.31)
103-6 1.441 (0.010) 43.89 (2.97)
103-7 1.425 (0.026) 42.55 (4.11)
103-8 1.442 (0.005) 45.27 (0.34)
103-9 1.441 (0.008) 44.78 (1.84)
Overall 1.448 (0.019) 44.44 (2.77)

Figure5. Axial Cross-Section of Tube STL 103-1 at 25X

Figure 6. Transverse Cross-Section of Tube STL103-1 at 25X

3.7 Unit Cdl Size and Orientation

ASTM D 6856-03 Standard Guide for Testing Fabric-Reinforced “ Textile” Composite
Materials[18] defines the smallest repeating geometric pattern as the unit cell. Figure 7
illustrates the features defining the unit cell for 2D braid. The unit cell of a2x2, 2D triaxial braid
contains two full axial braids and three full widths of both bias tows. Thisis the definition used
for aunit cell in this program.
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Figure 8 shows the outline of aunit cell for one of the laminates. The unit cell size varied
with each panel and location within the panel. The variations are probably from the relative
amount of settling and compaction of the braid layers during processing.

Table 7 summarizes the average unit cell sizesfor each panel. The individual cell size
measurements and their locations are in Appendix E. The average unit cell sizewas 17.9 mm £
0.53 mm x 5.2 mm = 0.22mm (0.71” x 0.20").

2.D Braid 2x2, 2-D TI_'iaxial Braid

- axial yarliff‘
+6 braider yarn Q - diégonal unit cell
-0 braider yam [] - smaltest unit cell

Figure 7. Smallest Unit Cellsfor a 2-D Braid and 2-D Triaxial Braid
(Reference Figure 2 of ASTM D 6856)

f= 2. 3mm
[= ; | H,=%.3mm
M= 5.0mm NG
W, =17.4mMm

Figure 8. Unit Cell Size

10
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Table 7. Unit Cdll Sizesfor Pands

Panel Cell width [mm] | Cell height [mm]
072910-1 Average 18.3 5.3
Std Dev 0.3 0.2
073010-1 Average 17.6 5.2
Std Dev 0.7 0.2
073010-2 Average 17.9 5.2
Std Dev 0.5 0.3
073010-3 Average 18.0 5.4
Std Dev 0.4 0.3
073010-4 Average 17.8 5.2
Std Dev 0.4 0.2
073010-5 Average 18.2 5.2
Std Dev 0.5 0.2
073010-6 Average 17.8 5.4
Std Dev 0.6 0.1
080210-6 Average 18.1 5.1
Std Dev 0.3 0.2
OVERALL Average 17.9 5.2
Std Dev 0.53 0.22

Thetesting orientation is shown in Figure 9. The 0° fiber tows are parallel to the short
side of the unit cell. This was designated as the axial direction for the tensile and compression
specimens as the fibers were paralel to the loading direction. The “axial” shear specimens had
the loading paralel to the long side of the unit cell, i.e., it was shearing across the 0° fibers. The
transverse shear specimens were 90° from the axial orientation.

| Axial tension
~| Axial compression -
TFransverse shear

” ._Od'.':

.__ - I‘- ! = .. e
Transversetension-
- Transverse compression

Figure 9. Test Orientation for Panels

11
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4.0 SPECIMEN DESIGN
4.1 Standards

There are several standards referenced by ASTM D 6856 regarding tensile, compression,
and shear testing of textile composites, specifically ASTM D 3039 Test Method for Tensile
Properties of Polymer Matrix Composite Materials, ASTM D 3410 Test Method for
Compressive Properties of Polymer Matrix Composite Materials with Unsupported Gage Section
by Shear Loading, ASTM D 6641 Test Method for Deter mining the Compressive Properties of
Polymer Matrix Composite Laminates Using a Combined Loading Compression Test Fixture,
ASTM D 4255, Test Method for In-Plane Shear Properties of Polymer Matrix Composite
Materials by the Rail Shear Method, ASTM D 5379 Test Method for Shear Properties of
Composite Materials by the V-Notched Beam Method, and ASTM? D 7078 Sandard Test
Method for Shear Properties of Composite Materials by V-Notched Rail Shear Method.

All of these standards refer to test procedures under quasi-static conditions, i.e., test
speeds below 51 mm/min (2 in/min). These standards have been refined over time through the
collaborative efforts of a consortium of members which include academia, research laboratories,
industry, and government representatives.

Standardized test procedures are mostly lacking for high rate tests. Severa guidelines or
recommended procedures have been issued related to tensile testing of polymers and steels, such
as SAE J2749 High Strain Rate Tensile Testing of Polymers [19] and SEP 1230 The
Determination of the Mechanical Properties of Sheet Metal at High Strain Rates in High-Speed
Tensile Tests [20]. No high rate standards are available for compression or shear testing.

High rate test equipment and procedures tend to be specific to a given laboratory, type of
equipment, and material. As aresult, high rate data are being generated using a variety of test
procedures and specimen sizes. While quasi-static procedures serve as a guideline and basis for
many of the high rate methods, the high rate methods will be different.

SAE J2749 provides some additional details regarding the generation of useable data at
upper rates. Recommendations related to using a small specimen, minimizing the length of the
load train, and raising the natural resonant frequency of the test system were important
considerations in the design of the specimen geometries of the 2A3D.

4.2 General Background on High Rate Testing

The main purpose or goal of quasi-static test methods isto create arelatively large
homogeneous stress and strain field. Thisis usually accomplished by having as large a specimen
gage section as possible. Four implicit assumptions are made when reducing the data from these
tests: 1) theload is equal in any cross section of the load train, 2) the strain is equal in the gage

3 All ASTM standards are available through ASTM International, 100 Bar Harbor Drive, West Conshohocken, PA

12
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section of the specimen, 3) the strain and stress fields are in equilibrium, and, 4) the inertial
forces are negligible.

The above assumptions must be scrutinized when measuring material properties at high
strain rates. Normally, a constitutive equation is thought of as afunction relating stresses to the
strains at a point (i.e., an infinitessmal volume of material). A quasi-static test assumes that the
stress and strain fields are homogeneous in the gage section. The constitutive equation is simply
derived from the average response of the tested volume of material.

The wave propagation speed must be considered in a high rate test. The stress wave
propagates along the specimen and is reflected and transmitted at each interface along the line of
travel. These interfaces include the transition from grip to specimen, specimen to grip, grip to
load washer, etc. As aresult, stress waves of varying amplitudes are present in the gage section
and a homogeneous stress state does not exist.

The goal in high strain rate tests becomes one of “shocking up” the gage areg; i.e.,
introducing enough stress waves in the gage area so that one can assume that an average stressis
present. At best, there is an approximate equilibrium. Since the interest isto find any strain rate
dependency in the material properties, it is not necessary to determine the “true” material
behavior. Instead, a comparison can be made between the behavior at static rate conditions and
the material behavior at higher rates.

High rate tests dictate the use of a small specimen in order to maximize the number of
reflected stress waves along the gage length. If one assumes that specimen geometry will bias the
results equally over the range of strain rates used, then one can determine information on the
strain rate dependency of the material.

An example of the importance of the natural test frequency is described below. SAE
J2749 states that at least 10 to 15 reflected stress waves should be present in the elastic region to
generate acceptable yield data. A general equation relating the speed of a stress wave through the
test system isgiven by Eq. A 13 of SAE J2749 as.

D

oo 2{ Lfixt Ldbg}

vfixt vm

where, twave is the travel time for one stress wave, Liix is the length of the fixturing, Laog iSthe
distance between the grips, viix: IS the wave propagation speed through the fixturing and v, is the
wave propagation speed through the material.

The goal isto minimize tyae SO that a high number of waves can propagate through the
material and fixturing. At some test speed the time scale for tyae Will approach that of the time
required to achieve the 10 to 15 waves in the elastic region. Discrete stress waves will be
observed on the materia response.

The vy, isfixed for agiven test. The vsix iS dependent on the fixturing material. Test
fixtures for composites are made of metal since most composites are high strength materials. The

13
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wave propagation speed of most metalsis 4000 to 5000 m/s and altering the fixture metal offers
relatively little improvement. The terms which can be easily modified thorough fixture and
specimen design are Lsix: and Lang . Minimizing the specimen length, and hence the fixture length
and weight, is akey component for a successful high rate test system. Figure 10 illustrates the
difference in output one can expect by simply from changing the fixture length and weight and,
thus, the natural resonant frequency.

F T oy
s | TN
5 R T
I E | | | ]
E 50 i___- | - 7 HNominal strain rate 4.4/5—
e t [ i Modulus - 2000 MPa
- | .
T L N _4-?—\'?&111 strain 3.5% —
Lo} [ : 7| ASTM D628 Type |
= 10 o 230 1
g 30 ¢ 7 T
W - — 2000 Hz | !
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2 = ]
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“ L — .
0 0.01 0.015 0.02 0.025 0.03
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Figure 10. Differencein the Measured Responsefor Test Systemswith Different Natural

Resonant Frequencies
Curves shifted along the time axis for ease of comparison. Reference Figure A3 of SAE J2749

4.3 Gage Width for Testing the 2D3A

The ASTM D 6856 recommendation of using at |east two unit cells in the gage section
was followed for all tests. The final selected widths used at least 2.5 times the unit cell to ensure
that at least two full unit cells were located in the gage section. In addition, technical experts who
had used this configuration indicated that cracks initiated at the edges were usually blunted
within half of one unit cell* from the notch. A gage width of 2.5 unit cells would allow for at
least afull unit cell remaining if edge cracking was initiated.

4.4 Tensile Specimen Configuration for Quasi-static Tests per ASTM D 3039

A gage width of 2.5 unit cells was selected for the quasi-static tensile specimens based on
the ASTM D 3039 and ASTM D 6825. The specimen length was based on the minimum
recommended length using the sum of the gripping, two times the width, and a gage length. The
final size for the modified D 3039 axial tensile was 286 mm (I) x 44.2 mm (w) [11.265" x 1.74"],
with 185 mm (7.265") between the tabs. The modified D 3039 transverse tensile specimen was

203 mm (1) x 19 mm (w) [8.0" x 0.75"], with 102 mm (4.0”) between the tabs. The specimens
are shown in Figures 11 and 12.

* Conversations with Dr. Lee Coleman and Dr. Gary Roberts (NASA) on 24 April 2010, Dr. Mike Braley (A&P
Technologies) on 10 April 2010, Todd Bullions (GE Aviation)
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Severad trial runs with tabbed specimens and bolt-loaded specimens were also run in
order to determine the load-carrying capability of the 2D3A. The bearing strength data were used
to calculate the size and number of bolt holes for the bowtie specimen fixturing.

o S e ST | A

Figure 12. Modified ASTM D 3039 Transverse Tensile

4.5 Bowtie Tenslefor Higher Rates

4.5.1 Background

A new high rate tensile specimen was designed based on the need for a short specimen
length, lightweight grips, low fixture weight, and a shorter load train. All of these factors
combined would serve to shorten the load train length, reduce inertial effects, and raise the
natural resonant frequency of the test system. This would enable the generation of useable data
with minimal resonant stress waves at the higher test speeds.

A review of published literature did not locate any specimen configuration which would
have been suitable for high rate testing of the 2A3D. The reported widths ranged from 3 mm to
15 mm [21-26], which were smaller than one unit cell.

A bowtie-shaped specimen had been used by A& P Technologies, a carbon braid supplier,
for their aerospace customers. The axial unit cell defined by A& P is half the size of the unit cell
used in this program. The A& P transverse unit cell is equivalent. Data from this type of
specimen had also been reported by NASA[11]. The NASA configuration was slightly different,
as shown in Figure 13. Both of the bowtie configurations modified the angle of the notch to
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Specimen A B C D E A
=607 long- 5.08 358 889 | 60° | 2.68 4*7
tensile (200 [ 1411y | (3.5 (1.036)
=607 5.08 6.12 445 | 1200 | 133 B O
trans-tensile | (2.0) | (2.409) | (1.75) (0.609) _L E
=457 long- 5.08 6.21 889 | 90° | 2.68
tensile (2.0) (2.44) (3.5) (1.036)
Figure 2. Specimen design and dimensions in centimeters —— C ——{
(inches) for two longitudinal and one transverse bowtie
configurations.

Figure 13. NASA Bowtie Tensile Specimens [Reference 11]

account for the bias tow angle in agiven orientation, e.g. 60° for the axial and 120° for the
transverse.

The bowtie configuration has the advantage of a shorter length for the axial orientation
than the modified ASTM D 3039. This shape has 100% of the axia and bias fibersin the gage
section gripped and fully loaded and should be a better measure of the tensile strength of the
2D3A.

The straight-sided ASTM D 3039 specimen has most of the bias fibersin the gage section
cut and not gripped, thus minimizing their contribution to the measured strength. In addition, the
cut bias fibers can act as crack initiation sites and cause early failure. In contrast to the bowtie
configuration, the modified ASTM D 3039 axial specimen grips 100% of the axial and
approximately 28% of the bias tows. The transverse tensile grips afew of the axial tows, and
only about 70% of the bias tows. The schematic in Figure 14 illustrates the point using the axial
tensile specimen configurations.

/Axral tows

N

— Axial tows

Bias tows : Biastows 50.8mm

At \\

sz g

.
X

¥
'

Gri p_to_gri P Grip-to-grip
distance distance
=185 mm

61.2mm

|
¥

S0.8mm

50.8mm GRIP AREA

L1 F

Axial Tensile Modified ASTM D 3039 Axial Tensile Bowtie

Figure 14. Relative Amounts of Bias and Axial Tows Gripped in Modified ASTM D 3039
and Bowtie Specimen Configurations
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4.5.2 High Rate Tensile Specimen Configuration

The final axial and transverse bowtie specimens were designed using the A& P
Technologies and NASA configurations as aguideline. The final specimens had 2.5 unit cellsin
the gage section. The grips were serrated and extended down past the end of tab (as shown in
Figure 14) to ensure full engagement of the bias tows. Figure 15 summarizes the tensile
specimen dimensions. The specimens were shear and bolt loaded. Appendix F contains the
specimen and fixture drawings for both orientations.

Preliminary tensile tests were performed at 1.27 mm/min using tabbed and bolt-loaded

specimens to determine the load-carrying capability of the 2D3A for the final specimen design. The
fina size and number of bolt holes were aresult of these tests.

WO

GG T
LO WO GW : R .
Specimen Length | Width Gage Grlrpi-to- Notch I;alt)h \S\ll)gu;]f
Orientation overall | Overall Width .g P Radius g 9
Distance [mm] [kg]
[mm] [mm] [mm] [degrees]
[mm]
0°/+60°1-60° | 1609 | 1478 | 457 29.6 60 508 | 381
Axial
0°/+60°/-60° | 1057 | 5842 | 178 46.8 120 508 | 1.48
Transverse

Figure 15. Bowtie Tensile Nominal Specimen Dimensions
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4.6 Compression Specimen for Higher Rates

4.6.1 Background

ASTM D 6856 recommends ASTM D 3410 (shear loading) or ASTM D 6641 (shear and
end loading) for quasi-static compression testing of textile composites. The goal isto force
failure into an unsupported section. The preferred failure modes include angled, brooming,
though the thickness cracking, and longitudinal splitting. Unacceptable modes include
delamination and cracking in the tab region [Reference D 6641]. Strain measurement is usually
with strain gages, when applicable.

The high rate specimen configuration had to consider the added width due to multiple
unit cellsand aregion for strain measurement. The standard sizesfor ASTM D 3410 (140 mm X
25 mm) [5.5" x 1.0"] and ASTM D 6641 (140 mm x 12 mm) [5.5” x 0.5”] are smaller than the
desired 2.5 unit cell width of 44.5 mm (1.75"). Mike Booker, Laboratory Manager of Cincinnati
Testing Laboratories, has tested various braided composites and uses a modified version of
ASTM D 6641. The specimen has a 25 mm (1.0") width with a proportionally longer straight
section. The grips are also heavier because of the additional loading from the wider specimen.
While the larger specimen accommodated at least one unit cell, the heavy grip weight and long
length of the specimen and fixturing were at odds with the requirements for higher rate testing
mentioned in Sections 3.1 and 3.2. For these reasons, a simple modification of the standard
guasi-static specimen was not considered for the higher rate tests.

Edge compression of a sandwich construction was investigated because of the potentially
small specimen size and minimal fixture length and weight. Kim and Crasto [27,28] developed a
specimen similar to that used in ASTM D 3410 using a sandwich of composite with a core of the
neat resin used in the composite. The panels were cured as a unit and the specimen tabbed and
machined to size. The reported compression strength was much higher than using conventional
specimens because buckling was avoided. This method was not considered because of the issues
mentioned in the previous paragraph and the added specimen fabrication cost.

A combination of the NASA short block method [29] was also considered. It would have
used a composite sandwich with foam or honeycomb as the core and clamped ends. However,
the NASA report indicated issues with end-loading of sandwich columns because of core:face
separation. The reported strengths were significantly lower than those from other compression
techniques. This specimen configuration type was al so abandoned.

4.6.2 High Rate Compression Specimen Configuration

Theinitial high rate compression configuration used a tapered dogbone style, using the
ASTM D 695 Sandard Test Method for Compressive Properties of Rigid Plastics specimen as a
guideline. The specimen gage section was designed to be at least 3.5 unit cellswide by at least 3
unit cellstall. However, cracking was initiated at the radius/tab transition of the dogbone during
thetria runs. The specimen was modified to a straight-sided rectangle. The widths ranged from
66.7 mm [2.62"] to 71.1 mm [2.80”) wide and 92.2 mm [3.63"] long. This alowed for at |east
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3.75 and 13 unit cells aong the loading direction for the axial and transverse orientations,
respectively. The unsupported section was 3 mm (0.125”) long.

Anti-buckling support was provided with a backing plate that covered the entire back
surface. The front plate covered most of the surface and included awindow for strain
measurement. The window size for the axia orientation was 2.75 unit cellsx 3.75 unit cells
(high) for the axial and 3.75 unit cells x 2.5 unit cells (high) for the transverse. Appendix G
contains the specimen and fixture drawings.

4.7 Shear Specimen for Higher Rates

4.7.1 Background

The shear standards referenced by ASTM D 6856 for textile composites are ASTM
D 4255, ASTM D 5379, ASTM D 7079. ASTM D 4255 uses an un-notched specimen that is bolt
and tab loaded. The D 5379 specimen is a V-notched specimen loaded on the edges. The ASTM
D 7079 specimen is aV-notched specimen that is loaded through the tabs.

ASTM D 7079 is suitable for braid composites; ASTM 4255 and D 5379 are suitable for
uni-directional fiber layups or fabric. Technical expertsin braid composite testing® and recent
literature [11-14] havetried variationson ASTM D 7079 in order to try to drive the crack
through the center. Some variations included tabbing, an extended tab length to add stiffness and
limit twisting during loading, fixture modifications to limit the spread of the fixturing during
loading, increased notched depths, and various notch angles ranging from 45° to 110° [30].

The literature mentioned failures in the center and towards the edges. Cracks would
initiate at the notch tip, propagate down along the center, and then often travel along the braid
bias angle and into the grip region. In an email dated 5 October 2010, Dr. Dan Adams wrote
regarding determining a*“good” failure:

From what | can tell from your emails, you prefer the degper notch and “ sharper” 60
degree notch angle because you can get a crack to form between the notches. | can see
why you'd like thisto happen... However | fed it’simportant to keep in mind that you
are testing a 0/+-60 laminate(braid) under shear |oading, and who' s to say how the
“laminate” will fail inshear? That is, a Tau-xy shear stress applied to such alaminate
will, in general, produce multiaxial stressesin the plies (in their materia coordinate
system), and thus at the ply level, the failure may not be through shear... but might be
transverse tensile.  When we test 0/+-45/90 quasi laminates as well as +-45 laminates,
the failureis not a crack occurring between the notches, and yet | believe that is how
these laminates fail under shear loading.

® Conversations and email correspondence with Mike Booker (Cincinnati Testing Laboratories), Dr. Mike Braley
(A&P Technologies), and Todd Bullions (GE Aviation), Dr. Dan Adams (Professor, Mechanical Engineering,
University of Utah), .Dr. Suresh (Raju) Keshavanarayana (Assoc Professor, Aerospace Engineering, Wichita State
University)
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Dr. Adams comments reiterated that there was no clear consensus regarding the
specimen configuration or acceptable modes of failure for braid composites. Research programs
are currently on-going at NASA and the University of Utah trying variations on the D 7078 test
specimen. The results were not available in time for this program. The experts opinions and
comments were incorporated as much as possible into a modified specimen that would be
suitable for high rate testing.

4.7.2 High Rate Shear Specimen Configuration

The modified high rate specimen included bolt loading in the tab and an extended tab
length in order to maximize load transfer and minimize twisting of the specimen during loading.
The ASTM D 7078 notch angle was followed. The specimen details are in Figure 16. The “axial”
shear specimen had the 0° fibers located perpendicular to the loading direction; i. e. shearing was
across the 0° fibers. Conversely, the transverse specimen had the 0° fibers parallel to the loading
direction and shearing was across the bias fibers. Appendix H contains the specimen and fixture
drawings.

ND

LO

O O O
g Q@ O 9 Q

TND O
)
<— TW —>
« wWo — >
oo TND
LO WO GW Grip-to- R Tab Tab Notch | Fixture
Specimen | Length | Width Gage rpl Notch Notch Width | Deoth | Weight
Orientation | overall | Overall | Width 9rip Radius Depth P 9
Distance | [mm] | [mm] | [kg]
o] | mm] | mm] | OO | fdegrees] | mm)
/B0 1628 | 1372 | 479 35.8 9 508 | 508 | 179 | 144
QMO0 104 | 864 | 127 10.2 9 399 | 508 | 51 | 0582

Figure 16. Shear Specimen Nominal Dimensions
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4.8 Braided Tubes

The 610 mm long tubes were cut into two specimens for atotal of 18 specimens. Each
specimen was 254 mm long [10.0”] and had a nominal inner diameter of 102 mm [4.0”] and a
wall thickness of 3.8 mm [0.15”]. The length to diameter ratio was 2.5. A single 45° bevel was
machined into one end of a select number of tubes to act as a crack initiator.

S5.0FINAL TEST MATRICES

The original test matricesin Tables 1 and 2 were modified, based on test results at the
lower levels. The revised test matrices arein Tables 8 and 9. The numbers in the table indicate
the minimum number of tests at each rate.

Quasi-static transverse tensile tests were added for comparison to published literature.
Higher test rates were achieved with the new high rate coupon configurations than originally
planned; however, discrete stress waves were noticed in some of the responses at the upper rate.

The straight-ended tube exceeded the actuator capacity and so this part of the tube test
matrix was dropped. The balance of the tests used tubes which had a single bevel on the end for
crack initiation. The tests above 1.5 m/min were performed at Oak Ridge National Laboratories
(ORNL) Test Machine for Automotive Crashworthiness facility (TMAC).

Table 8. Final Coupon-Level Test Matrix

Machine Rate [m/min]
0.00127 0.5 4.5-5.0 38-49
Tension-per Axial 3 - - -
ASTM D
3039 Transverse 3 - - -
[ Higher Rate | Axial | 3 1 3 [ 3 | 3 ]
|__Tenson | Transverse | 3 | 3 __| 3 | __= S ___]
Compression Axial 3 3 3 -
o ____J Jransverse | 3 ) __ 3 ___| __3_ _| ___ ]
Higher Rate Axial 3 3 3 3
Shear Transverse 3 3 3 3
Total 24 18 18 12
Grand total 72
21
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Table9. Final Tube Compression Matrix

Machine Rate [m/min]
15 140 440
Straight End 1 - -
Single bevel 3 7 6
Total 4 7 6
Grand total 17

6.0 TEST PROCEDURES-SME AT UDRI

The test procedures and guidelines of SAE J2749 and SEP1230 were followed, where
applicable. The SME equipment list and calibration records are in Appendix I.

6.1 SME Servo-hydraulic Equipment

Tests were performed at room temperature ambient conditions on MTS servo-hydraulic
stations equipped with a97.8 kN (22,000 Iby) actuator. Actuator displacement was measured with
alinear variable differential transformer (LVDT). The tensile and shear tests used a slack adapter
to allow the actuator to attain test speed before applying load to the specimen. While this was not
necessarily needed at rates below 500 mm/min, it was included for consistency in the load train
across the tested rates.

Load at 1.27 mm/min and 500 mm/min was measured using aload cell calibrated up to
90 kN (20,000 Iby). The LVDT full scale was 1270 mm. Load at rates above 500 mm/min were
measured using a piezoel ectric load washer dynamically calibrated at 5SHz up to 90 kN
(20,000 Ibx). The data acquisition computer used a high speed National Instruments PCI 6110E
dataacquisition card.

The axial tensile test setups are in Figures 17, 18 and 19. The compression setups are
shown in Figures 20 and 21. The shear setups are in Figures 22 and 23.

The composite tubes were tested at both SME and ORNL. Both systemsused MTS
servo-hydraulic equipment. Tubetests at 1.5 m/min were performed at SME. Tests were filmed
using the two high speed Phantom cameras (described in the following section) and displacement
and strain data were captured. The filming rate was 250 frames per second (fps).
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Highspeed

cameras

load | |
Washer " §

Slack
adapter

Figure 18. High Rate Setup for Axial Tensle Testing
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Figure 19. Transverse Tensilein Fixture

Unsupported
section

Figure 20. Edge View of Compression Setup showing Unsupported Region

24

_A_34_



Investigation of Opportunities for Lightweight Vehicles Using Advanced Plastics and Composites

Window for Unsupported
strain section
measurement

Specimen

Figure 22. Axial Shear Setup Figure 23.Transver se Shear Setup
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6.2 Oak Ridge National Laboratory (ORNL) Equipment

Tests at 140 m/min and 440 m/min were performed at the TMAC (Test machine for
Automotive Crashworthiness) facility of ORNL. The technical point of contact was Dr. Don
Erdman. The MTS test station was equipped 1600 gallon per minute servo-vave system and had
aload capacity of up to 250 kN at 480 m/min°®. The tests were filmed with a single Photron high
speed camera. The filming rate was 10K fps. Correlated Solutions Vic 2-D image analysis
software was used to estimate displacements. The resolution was too coarse to yield strain data.

The thermal response during the crush was captured with an infrared camera [ Phoenix
Mid-Wave IR Camera, 320 x 256 pixels, 3-5 micron spectral response). Its capture rate was
800 fps. One of the composite tubes was used to generate a correlation curve relating the IR
image to temperature. The TMAC is shown in Figure 24.

Figure24. TMAC Equipment at ORNL

6.3 Strain Measurement with Digital Image Correlation System (DIC) with ISTRA Software

6.3.1 General

Full-field 3D deformation was measured using either two high resolution, low-speed
Q400 cameras or two Phantom V710 high speed cameras and Dantec Dynamic ISTRA digital
image correlation (DIC) software. The general setup is shown in Figure 17.

The ISTRA software tracked the motion of arandom pattern on the specimen through the
test. Three-dimensional analysis of the pattern movement was used to cal cul ate the net

® http://www.vol pe.dot.gov/saf ety/pciv/docs/warren. pdf
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displacements and strains of the features of the pattern. The DIC allowed the user to review the
strain response throughout the entire test and then extract strain data for various regions of
interest, such as the global strain across the entire straight section or at failure. Several sources
are available for additional information regarding DIC measurements [31-34].

The user can select the mesh size for the DIC calculations. A typical grid sizeis 12 pixels
and the facet sizeis 17 pixels. The grid point is located at the center point of each facet. A facet
size larger than the grid size alows for some overlap between calculation points. The
deformation data are referenced back to the areas defined by the facets.

High speed DIC measurement is limited by the resolution of the images, not the software.
The Phantom high speed cameras are capable of framing rates above 600k frames per sec (fps).
However, the available region of interest (ROI) islimited to 256x16 pixels at this speed. Thisin
turn limits the number of data points that can be used in the DIC calculations.

The image size varied with the cameratype, filming rate, and the specimen size. Typical
framing rates were 25 fps at atest rate of 1.27 mm/min and 50k fps at 46 m/min. The
corresponding ROI was approximately 1280 x 456 pixels down to 336 x 332 pixels, respectively.
The actual number of pixels across the specimen was less. The test run sheets, located on the
program CD, indicate the number of pixelsfor the ROI for the various runs.

6.3.2 Specimen Preparation
The measured regions were spray painted with black paint to remove any surface

reflections. They were then oversprayed with white to generate the random pattern. The size of
the paint drops varied depending on the camera parameters. An example is shown in Figure 25.

b

Figure 25. DIC Pattern on Axial Shear Specimen
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6.3.3 DIC Measured Region

As mentioned in Section 6.3.1, The DIC software creates a grid over the measured
surface. The user can define apoint, line or shape over which the displacement and strain data
can be extracted. An example is shown in Figure 26, illustrating the grid mesh and the measured
regions. Thered regionsin the V-notch in Figure 26aindicate areas of higher strain and
cracking. One can also see differences in the strain carried along the bias tows by the differences
in the color (the lighter color blue representing higher strain).

Strain was taken from local regions showing a high or low strain during the test for a
select number of specimens. An example is shown in Figure 27. The image shows a high strain
point, alow strain point, aline at the center of the V-notch, a small polygon, and alarge polygon.
The polygon strain data represent a global strain value since the data are averaged across alarger
number of grid points than the line and point. The point strain data represented alocal strain.

The regions selected for the DIC data extraction varied depending on the specimen shape.
In the case of the shear and tensile tests, strain was measured along a line and/or polygon located
at the center of the V-notch, as shown in Figures 26 and 27. A larger polygon was used for the
compression tests (Figure 28). In contrast to what was seen in the tension and shear tests

(Figure 26b), the uniform shading of the center section of the compression tests indicated a
relatively uniform strain state.

a) Grid mesh b) Measured regions

Figure 26. Grid Mesh and Measured Regionsfor a Slow Rate Axial Tension Test

Figure 27. Possible Featuresfor DIC Analysis
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a) Grid mesh b) Measured region
Figure 28. Grid Mesh (a) and Measured Regions (b) for an Axial Compression Test

6.4 Strain M easurement with Strain Gages

Stock strain gages with the grid size needed to cover an entire unit cell were not found.
One of the modified ASTM D 3039 axia tensile specimens was strain gaged with asingle axis
genera purpose Vishay Micro Measurements CEA-06-500UW-350 gage. The grid size was
4.57 mm wide (0.19”) x 12.7 mm long (0.50”). It was aligned with the long axis parallel to the 0°
fibers. The gage grid covered one-third of aunit cell (horizontally) and 2.5 unit cells
(longitudinally).

7.0 DATA ANALYSES
7.1 Generd

The panel thickness varied depending on whether one measured the “peak” or valley of
the surface. The maximum peak was noted where the three layers aligned through the thickness.
Two measurements were taken at a peak and two at avalley and averaged for the stress
calculations. The specimens measurement sheets, located on the program CD, contain the
individual specimen information.

The peak stress was taken as the maximum value before a sudden drop in strength,
typically over 25%. Some of the specimens exhibited tearing before failure. The summary tables
indicate both peak and failure stress, if applicable. The failure strain was taken at a point of a
large drop in load or minimal increase in strain upon continued |oading.

The data summary tables include stress data normaized to afiber content of 56 volume %.
Thisdlowed for comparison amongst pand's and between the coupon and tube data.

The modulus was determined from theinitial dope of the linear best-fit equation to the stress
strain curve. The moduli are for informational purposes only and may not represent the bulk materia
properties. Thetest procedures did not meet all of the requirements for modulus measurements per
ASTM E 111, such as: alonger specimen (and, hence, alarger volume), a Class B-1 or better
extensometer, precise alignment, and adow test speed in order to avoid adiabatic heating.
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The strain rate was determined from the dope of the strain versus time curve over aregion
before failure. Thiswas generadly over astrain range of 0.4 to 1.0% strain. The specific rangeislisted
in the data summary tables.

The physical set-up of the test system results in atime lag between the collection of |oad
and the strain data. The load is measured at one end of the specimen while the strain is measured
at the middle of the gage section. It is necessary to transform the load data to the same point in
time as that of the strain data via atrandation of the strain data in the time domain. The validity
of this practice relies on a constant wave propagation velocity in the tested material.

The test speed at which the synchronization is required depends on the data collection
frequency and the propagation speed of the stress wave through the fixture and specimen. The
time shift was in the order of 40 microseconds for most of the tests in this program.

7.2 DIC Strain Analysis

The Dantec Dynamics ISTRA software allows one to select aregion of interest for
analysis. One can choose to track a point, aline, or a shape (e.g., apolygon). The data can be
exported as maximum, minimum, and average values for the chosen shape. The polygon data can
also be exported as data for the values around the border or across the surface. The data for this
program used the average strain for aline and the average strain across the polygon surface.

The default setting of the software isfor unfiltered data. Several levels of filtering are
available in order to smooth out the cal culations between each displacement. The mgority of the
program data were filtered using the internal local regression program with a 5x5 level of
smoothing.

Some oscillations are present in the strain output. The oscillations have several
contributing factors:

1. Strain variations in the braid upon loading
2. Artifact of the DIC analysis technique.
3. Resonant ringing in the system.

Strain variations along the fiber were noted, as seen in Figures 26 and 27. Data were
extracted from regions which showed a high and low amount of strain for a select number of
specimens. The summary tableslist alocal strain value for those specimens which had alarge
difference between the local and global strain.

The magnitude of the oscillationsis also affected by the resolution of the grid mesh and
the number of grids over which the strain data are cal culated. Displacement data for each grid
point are used for the strain calculations. Strain data for a point are interpolated from the four
grid points closest to it. Strain datafor aline uses datainterpolated using the four grid points
defining each grid block intersected by the line. Strain datafor a polygon uses datafrom each
grid point defining the grid blocks intersected by the outline of the polygon. Therefore, the
localized fluctuations are reflected in point and line data to a greater extent that a polygon. Local
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fluctuations are minimized further if afiner grid mesh is used as long as sufficient tracked
features remain in the measurement facet.

Figure 29a shows the type of data variations one can have depending on the relative size
of the measured area (Figure 29b). The curves are shifted in time to alow for comparison. Note
the large oscillations in the data for individual points of high and low strain. The large polygon
data are relatively smooth, reflecting the global strain response.

Not all of the oscillations were an artifact of the DIC software. Most of the larger
amplitude oscillations occurred after the specimen was loaded. Therefore, a part of the
fluctuations are from the transfer of load along the carbon tows.

The strain fluctuations were transglated into the stress-strain curve. The stress-strain curve
was smoothed using a piecewise polynomial fit of varying orders. The data set for each specimen
included both the original and best-fit datafor the stress-strain curve. The summary graphs for
each data set includes both the as-is and best-fit summary curves. The plotsincluded in the body
of the report use the best-fit curves for ease of comparison.

DIC image for the specimen (Figure 29b) shows the strain before failure. The holesin the
DIC image are regions where the surface was reflective or the paint was missing. Cracking or
flaking of the paint occurred as the specimen started to fail either on or below the surface.

Resonant ringing was not an issue until the top test rate. Figure 30 shows the stress
response at the slowest and fastest test rates. The curve at 0.00127 m/min exhibits no resonant
waves. A best-fit to the stress curve is the simplest method to filter the response of the small
amplitude waves at the 50 m/min rate.

0.012—— . TESTRATE OF 0.00127 m/min
Curves shifted for ease of comparison

— Large polygon

| | -@— Center polygon
0.01 - Center line
- - - Faint of high stral
- — Paint of [ow strai

0.008

0.006

0.004 ﬁfﬁw
0.002 /NJ ' i

i 50 100 150 200

Eng. Strain

Figure 29. DIC Strain Output for Different Regions (a) and DIC Image (b) for an Axial
Shear Test [Specimen STL095-1]
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Figure 30. Stress Response at L ow (a) and Fast Test Rate (b) for an Axial Shear Test

7.3 DIC Strain

The DIC strain data are given as Lagrangian strain (LS). A MATLAB script was used to
compute engineering strain (ES) and true strain, via Egs. (2) and (3):

Tll T12 — l | 2* Lll L12 + ‘1 OU (2)
T12 T22 2 I‘12 L22 0 1
1 1
1 Lll L12 + _ (3)
le L, 0 1j) 0 1
where,
L = Lagrangian Strain 11 = Transverse Strain
T =True Strain

E = Engineering Strain

7.4 Tube Crush Analysis

22 = Longitudinal Strain
12 = Shear Strain

Various methods can be used for the data analysis [35], such as the energy absorption
(EA), the specific energy absorption (SEA), the specific sustained crushing stress (SSCS), and
the crush compression ratio (CCR). The various equations are:

32

—A-42 -



Investigation of Opportunities for Lightweight Vehicles Using Advanced Plastics and Composites

o
EA W = | pd> (4)
0
SEA E, = W (58)
Apd
Fold failure SEA E - W (50)
Ap(6 +d)
For design purposes SEA E, = W(5, - 9,) (5¢)
mo,
SsCs o =2 (6)
P _
(o2
CCR CCR=-2- @)
O

P =load, 6 = crushed length of tube/displacement, p = density, o = average crush stress, oy =
ultimate compressive stress of the braid, d= crush/fan fold length, and m= mass of the entire
tube. Thevauefor 6 isused for thetota crush lengthif the valuefor d issmall in comparison to the
total crush length.

The datafor this program were compared using the SEA, the SSCS, and the CCR. The W
was cal culated using an embedded macro within Ka ediagraph® graphing software’.out to a
zeroed displacement of 115 mm. The specific starting and endpoints used for 61 and &, were
selected after analysis of the crush behavior across al rates. Further details are given in Section
8.6.

8.0 RESULTSAND DISCUSSION

The program CD contains electronic copies of theindividua specimen datafiles, specimen
measurements, test data, summary graphs in JPEG and Ka ediagraph® format, test setup
photographs, caibration records, panel information, photomicrographs of the cross-section,
photographs of the failed specimens, and other relevant documents.

8.1 Fixture Design — General

The fiber architecture of the braid was the primary concern in the fixture design for the
varioustests. Incorporation of at least 2.5 unit cellsin the test section defined the specimen length,
failure loads, fixture length, and fixture mass.

" The areais found by calculating the sum of the trapezoids formed by the data points selected.
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The various fixture designs were able to transfer the load into the specimens. Grip marks
were evident in the tab region which was indicative of |oad transfer through shear. The specific
amount of load transferred through the bolts was not determined. No deformation was noted in the
bolt holes.

A maximum test rate of 12 to 24 m/min was thought to be a practical limit for the various
tests. Clean, useable tension and shear data were generated at rates of 5 m/min. Dataat 49 m/min had
system resonant waves superimposed onto the material response. Approximately five to 10 waves of
varying amplitudes were present before specimen failure, depending on the exact test type and
fixture. The compression curves showed resonant waves at alower test rate (~5 m/min).

The waves are aresult of the excitation of the natural resonant frequency of the test system.
The limited number of resonant waves indicated that a dynamic equilibrium may not have been
present before specimen falure. The resonant waves were not of high amplitude and useable data
could be generated with curvefitting. However, thisis not the optimum solution.

A specimen and/or fixture redesign would be needed to generate higher quality data at the
upper rates. Some modifications of the fixture design would include minimizing the number of bolt
holes, and reducing the fixture weight by removing materia and/or changing material.

These changes would help improve the data quality at rates from 5 to 50 m/s. Generating
useable data at even faster rates would require a specimen redesign. The magjor contributor to the
current specimen design was the decision to include 2.5 unit cells within the test section. This choice
dictated the overal specimen and fixture length.

Asshownin Eq. 1 of Section 4.2, the specimen length affects both the distance between the
grips and the fixture length. These factors directly affect the time for the stress wave to propagate in
the system. Minimizing the specimen gage section would reduce the specimen falure loads, reduce
the specimen length, reduce the fixture length, and reduce the resulting fixture weight. All of the
factors would contribute to reducing the stress wave propagation speed and increasing the natural
resonant frequency of the system. Increasing the natural frequency will result in minimizing the
resonant wave amplitudes and maintaining adynamic equilibrium at faster rates.

8.2 Rate Effect on 2D3A Strength

The 2D3A braid is designed to be in-plane quasi-isotropic. Additiona layers introduce
variations that are dependent on the braid stack-up, nesting of braid tows, mechanical bonding
between layers, and resin content, amongst others. A fiber-dominated mechanica property should
show little sengitivity to test rate since carbon fiber isrelatively insensitive to strain rate over the
tested rate regime [36]. A matrix-dominated property should exhibit some rate effect [37].

The peak tensile, compressive, and shear strengths of the 2D3A for the axial and transverse
orientations are shown in Figures 31 and 32, respectively. The axia mechanicd propertiesremain
relatively unchanged through the tested rate regime. The dight decreasein the axia tensile strength
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a the fastest rate is not statistically significant®. Five to seven resonant waves were present in the
specimens before failure at the fastest rate and the specimens were probably not in dynamic
equilibrium.

Thetransverse tensle strength does not change across the tested rates. Thereisadight
increase in the compression and shear strengths with increasing rate. Note the large difference
between the transverse strength using the modified ASTM D 3039 and the bowtie configuration
(Figure 32).

The following sections discuss each test type (tension, compression, shear, tube) in detail.

2D triaxial (-80/0/+60) carbon braid T700/Epon 682W resin Three plies

Gage section: Peak Stress vs. Strain Rate
46mm (w) x 1.6mm (t) Axial Tensile, Compression, and Shear
23°C Bowtie and Modified ASTM D3039
900 | e
: . ®
800 | ® s $ S
r o ® 1
700 | 2 N2
T 600 | !
18 [ Testrate
E, [ 1.27 mmimin = 0.00005 - 0.00008/5 ® Axial Tensile- loading along 0° fibers
[50 mmimin = 0.004/5 .| & Axial Compression- loading along 0° fibers
2 500 P g along
o3 b 500 mmimin = 0.03 - 0.05/s ¥ Axial Shear- Shearing acrass 0° fibers
% [ 5 mimin =0.25 - 0.4/s
[ 50 mimin =2 - 3/
E 400 72 mimin = 4 5is
200 ¢ ’ - :
100 bl
10 0.0001 0.001 0.01 0.1 1 10

MEASURED STRAIN RATE

Figure 31. Peak Axial Strength of 2D3A at All Rates— Normalized to 56% Fiber Content

8 Two-tail Student’s t-test assuming unequal variances and an apha=0.05. All comments regarding statistical
significance are based on this hypothesis.
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2D triaxial (-80/0/480) carbon braid T700/Epon 882W resin Three plies
Transverse Stress vs. Strain Rate

Axial Tensile, Compression, and Shear
Bowtie and Modified ASTM D3039

Gage section:
12.7mm (w) % 1.6mm ()

Ao
1200
]
ii ]
1000 . o o
L H '. ' ]
. J
— 800 e &) Modified ASTM Transverse Tensile - loading scross 0° fikers
E I @ Transverse Tensile - loading across 0° fibers
E A Tranzverse Compression - loading acrozs 0° fikers
= r W Transzverse Shear - shearing along 0° fibers Test rate
[13] 600 0.7 to1.27 mménin = 0.00005 - 0.0003/s
42} 46 to 50 mminin = 0.00472
L 460 to 500 mmimin = 0.03 - 0.1z
I L 4.6to S mimin =04 - 0.8z
E 400 46 to 50 minin = 2 - 8z
| A
200 S a %N vy
0 L R L Lo L L
-5
10 0.0001 0.001 0.01 0.1 1 10

MEASURED STRAIN RATE

Figure 32. Peak Transverse Strength of 2D3A at All Rates Rates— Normalized to 56%
Fiber Content

8.3. Tensile
8.3.1 Modified ASTM D 3039 Tensile

The tensile stress-strain curves for both the axial and transverse modified ASTM D 3039
arein Figure 33. The mechanical properties are summarized in Table 10 along with published
results using a 6-layer laminate. Detailed summary tables and graphs arein Appendix J.

The UDRI results are similar to those of published data[11-14], except for the transverse
tensile strength. The lower strength of the UDRI specimens was probably due to their smaller
width (19.5 mm versus 35.8 mm) and greater sensitivity to edge cracks and early failure. The
similarity in the other dataindicated that the UDRI measured properties could be used for
comparison to the published literature.

One of the axia specimenswas strain gaged and the strain data were compared to DIC
strain data taken over asimilar region. Figure 34 shows the location of the strain gage and its
relative size to the gage section. DIC datawerein good agreement with the strain-gage data, as
seenin Figure 35.

Axial failures were at both ends of the specimen and located close to the tab, as seenin
Figure 36a. These failures were at the transition of the gripped and ungripped bias tows. One
specimen (STLO064-7) failed in the center gage. Its tensile strength was not significantly different
from the ones that failed closer to the tab.
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Half of the transverse specimens failed in the middle of the gage section (Figure 36b) and
half towards the tab. The average strength of the two groups was significantly different. The
average strength for the ones breaking in the center was 340 M Pa versus 326 M Pafor those that
broke near to the tab.

The distinct variations in the surface contour can be seen in Figure 37a. The depth of the
“rippl€” increased with increasing aignment of the 0° tows through the thickness.

Table 10. Comparison of UDRI and Published Data for 2D3A with Epon 862W at

Quasi-static Rates

Normalized to 56% Fiber Volume

UDRI Modified ASTM D 3039

Modified ASTM D 3039 from Littell PhD Thesis

Test Rate of 1.27 mm/min

Test Rate of 0.635 mm/min

Measured rate of 0.00007/s to 0.00016/s

Engineering Engineering Engineering Engineering
Breaking Breaking Elastic Breaking Breaking Elastic
Stress Strain Modulus Poisson's Stress Strain Modulus Poisson's
[MPa] [%] [GPa] Ratio [MPa] [%] [GPa] Ratio
Average [DIC datal 857 1.95 43.3 0.31 800 1.78 46.9 0.30
Axial Std.Dev. 48.4 0.09 172 0.01 6 0.08 16 0.03
Coeff, of Var, [%] 5.65 4.81 3.98 4.38 0.75 4.49 341 10.00
Average [DIC datal 337 1.44 34.7 0.32 462 1.44 41.6 0.29
Transverse Std.Dev. 8.08 36 0.09 13 0.02
Coeff, of Var, [%] 240 7.79 6.25 3.13 6.90

Six layer laminate used by Littell versus 3-layer for UDRI

Figure 33. Tensile Stress-strain Curvesfor Modified ASTM D 3039 2D3A

Machine rate of 1.27 mmimin - Measured strain rate before failure ~0.0001/s

— 3039-A-1 Alal
-— 3039-A-3 Axial L
= — 3039-A-4 Al £

----- 3039-A-5 Axial

+ = 3039-A-T Axial
@~ 3039-T-5 Transverse

--dx— 3039-T-6 Transverse

'JAE‘H‘.‘ Gage section:

s _,-t'"‘:"_"-_ i
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o I
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2
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2
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fxial 44.45mm fwd 1 84 6mm 0 1.65mm (b
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Figure 34. Strain Gage L ocation for Axial Modified ASTM D 3039 2D3A

Specimen 064-3  Panel ID 080210-6

800 . Machine afe ol 127 punjuin

: T
— 700 =
T i
600
= : _EE
§ 500 | S ekl
& 400 | K :
E 3 é ﬁ — Giraln gage 5
T 00 - -@— Large polygon e
g A Jf—* —&— Small polygon over gage region ]
5 200 L :
|_|:J C _‘_;ﬁ_ Gage section’ ' ]
100 Eoooen 44.45mm ()} 184.9mm () 1 1.65mm &
F 23°C ]
B o0 v o8 oo ow e T e owl o aa oo
0 0.005 0.01 0.015 0.02 0.025

Engineering Strain

Figure 35. Comparison of Stress-strain Curvesusing Strain Gage and DIC Data

" 'STLOG4 -2 2

b) Transverse

Figure 36. Typical Failure Locationsfor Axial (a) and Tensile (b) Modified D 3039
Specimens
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8.3.2 Bowtie Axial Tensile

Table 11 summarizes the axial mechanical property data. A summary stress-strain graph
of the bowtie axia tests across al ratesis given in Figure 37. Detailed data and summary graphs
arein Appendix K.

Specimens which exhibited vertical cracking by the notch and towards the grip before
final failure had a peak strength 30 to 50 MPalower than those that did not. This contributed to
the large standard deviation at certain rates.

The material response was similar within and amongst all rates. The strength and failure
strain were insensitive to increasing strain rate. The stiffness at the two lower rates was
equivaent. The modulus at the two upper rates was 25% higher. All specimensfailed in the
center section. A typical faillureis shown in Figure 38.

Table 11. Bowtie Axial Tensile Data Summary for 2D3A

Engineering Normalized Engineering Elastic
Breaking Peak Stress to Breaking Modulus Poisson's
Stress 56 vol % Fiber Strain [GPa] Ratio
[MPa] [MPa] [%6]
798 775 131 67.0 0.25
Average
0.0001-0.0002/s

1.27 mm/min Std.Dev. 56.7 60.1 0.06 2.47

Coeff. of Var. [%] 71 .76 4.81 3.69
865 815 144 66.4 0.36

Average
0.03/s

0.5 m/min Std.Dev. 48.9 46.1 0.07 4.18

Coeff. of Var. [%] 5.65 5.65 5.13 6.30
Average 803 782 1.27 80.6 0.38

0.3-0.45/s
5 m/min Std.Dev. 60.4 a7.7 0.21 5.36 0.01
Coeff. of Var. [%] 7.53 6.09 16.2 6.66 2.33
Average 783 744 1.33 85.4 0.40
2to 5/s
36 to 45 m/min Std.Dev. 19.2 29.4 013 6.62 0.06
Coeff. of Var, [%] 2.46 3.96 10.0 7.76 15.2
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Figure 37. Representative Stress-strain Curves for 2D3A Bowtie Axial Specimens at Al
Rates

sTLogs s 4 NEE

Figure 38. Typical Failure of Axial Bowtie Tensile Specimen

8.3.3 Bowtie Transverse Tensile

Theinitial bowtie specimens run at 1.27 mm/min showed extended tearing and cracking
into the grip before final failure. Shortening the grip-to-grip distance by ~6mm increased the
specimen areain the grip and resulted in less tearing before failure. All further tests were done
with the shorter grip-to-grip distance.
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Table 12 summarizes the transverse mechanical property data. A summary stress-strain
graph of the transverse tensile stress-strain curves al ratesis given in Figure 39. Detailed data
and summary graphs are in Appendix L.

The peak strengths were rate insensitive and the coefficient of variability (COV) was low
(3to 4%). This suggests that al of the fiber tows were engaged and gripped in the fixture and the
overal strength is adirect function of the contribution of both the axial and bias tows.

There was awide disparity in the stress-strain response (Figure 39) compared to the axial

tension (Figure 37). The stiffness and breaking strain had avery high COV (14 to 54%) and the
material response appeared to fall into two groups.

Table 12. Bowtie Transverse Tensile Data Summary for 2D3A

Egr Normalized Egr Elastic
Breaking | Peak Stressto| Breaking Modulus Poisson's
Stress 56 vol% Fiber Strain [GPa] Ratio
[MPa] [MPa] [%6]
Average 965 942 2.07 66.4 0.01-0.36
0.00015/s )
1.27 mm/min Std.Dev. 30.1 29 0.50 9.6
Coeff. of Var, [%] 3.12 3.12 243 145
Average 1017 992 1.72 116 0.25-0.6
0.045/s )
0.5 m/min Std.Dev. 26.9 26 0.31 17.2
Coeff. of Var. [%] 2.65 2.65 18.1 148
Average 1046 1026 2.02 81.9 0.03-0.47
0.45/s ’
5 m/min Std.Dev. 455 45 0.38 42.8
Coeff. of Var, [%] 4.35 4.40 18.6 52.2
Average 918 950 2.34 57.9 .03-0.06
5/s ’
45 m/min Std.Dev. 34.6 36 0.74 7.1
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Testrate
1.27 mmfmin=0.00014/s 2D triaxial (-60/0/+60) carbon braid T700Epon 682W resin Three plies

500 mmitnin = 0.07/s Bowtie specimen - Transverse Tensile
4.6 mimin = 0.5/s 2.5 unit cells in cross-section
45 rimin = &/ Engineering stress-strain at all rates
1200 [ 3 F & —8— 0.00015/s
) ~&— 0.00015/s
o e ¥ — 0.00015/s
o 1000 Lol . --@--0.07/s
0 l‘"yru LR ,.X/ - S 00T
= [ To R M g - 0O
> 800 | A T A i
o 800 e e el ey --[a— 0.07Is
0 L L a e g / -t~ 0605
@ L /’&)x. ﬁ{,:f’ ;/ﬂ?/) --- - 0LAfs
—t ’ i
L g s —h 05
(‘; 600 : gt “/; - 5is
= r {; e T -B- sis
= I /l S e - - - fis
@« 400 [ i3 ﬁ{, : ‘,"’ - DIC prepped specimen
g L rr&?" ,"/ = Gage section: il
'Sy /,, ’/ in 17.8mm () 1.6mm (0
S 3
UCJ 200 [ M //;:} Strain bazed an sentral palygaen
using best-fit to stressstrain cune.
: [rata truncatenli at onzet of tearing:
0 0.005 0.01 0.015 0.02 0.025

Engineering Strain

Figure 39. Representative Stress-strain Curves for 2D3A Bowtie Transver se Specimens at
All Rates

The stiffness and failure strain reflects the ability of the fiber bundlesin the center gage
section to move in response to the applied load. The lower COV of the axial tension stiffness and
strain (1 to 16%) compared to the transverse suggests that the material response is affected by the
relative amount of axial and bias tows in the center gage.

The 2D3A panels consisted of three layers which were free to move and shift during
processing. Thisresulted in panels with varying levels of alignment of the fibers through the
thickness. Those with a high amount of alignment had higher variations in thickness in the center
gage section. Each center gage width was equivalent to 2.5 unit cells in the corresponding
direction. The beginning and end of a unit cell, as defined by the top layer, did not necessarily
track through the thickness. Therefore, the amount of axial and bias tows in the tested center
gage section could vary depending on the amount of alignment of the tows through the thickness.

Figure 40 illustrates the idealized |ocations of the 0° and bias tows for the axial and
transverse cross-sectionsin asingle layer. The ideal axial notch section (Figure 40a) should have
five full tows of 0° fibers with the sixth tow just outside the notch (lightly shaded in Figure 40a).
There are five full bias tows in both directions plus one partial tow in each direction. Small
misalignment of the fiber bundles through the thickness would add some additional bias fibers.
Larger misalignments would increase the number of axia fibers, which should raise the
measured stiffness and modulus.

The similar behavior of the axia stiffness within a given rate suggests that the axiad

mechanical properties were dominated by the 0° fiber tows. Variations due to fiber misalignment
through the thickness or along the 0° direction had minimal affects.
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Bias tows

17,0\

Axial tows”

a) Axid

Axial tow

¥

Bias tows

b) Transverse

Figure 40. Schematic of Fiber Tow Location in Center Gage for Axial (a) and Transverse
(b) Tensile Bowtie Specimen

The notch area of an idealized transverse gage (Figure 40b) will have one full bias tow in
both directions and two partial tows (as represented by the lighter shaded rectangles). The axial
tow width in the unmolded braid is over 6 mm with sections of bias tows~4 mm widein-
between. The axia fiber tow width is of the same scale as the notch length. Therefore, the
amount of axial fibers present in the center can vary depending on whether the notch is mainly
in-between two axial tows or intersecting an axial tow; i.e., the center gage can contain anywhere
from ~30% up to 100% of the axial fibersin abundle. This assumes perfect alignment through
the thickness. Misalignment of the bundles through the thickness would increase the likelihood
of alarger percentage of axial fibersin the gage.

The variability in the transverse material stress-strain curves suggests that the stiffness
(and corresponding failure strain) is highly sensitive to the fiber bundle distribution within the
center gage. The amount of axial fibersin the notch is the probable cause for the range of values
for the stiffness and strain.
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8.3.4 Comparison of Bowtie Axial and Transverse Tensile Mechanical Properties

The 2D3A braid is designed to be in-plane quasi-isotropic. As such, one would expect
similar properties testing in the axial or transverse direction. The tensile behavior across the rates
issimilar, as shown in Figure 41. The transverse strength is significantly higher than the axial.

The graph of the measured modulus and failure strain, Figures 42 and 43, reflect the
variability in the transverse direction. It is difficult to identify a clear difference in the modulus
between the axia and transverse. They are of similar magnitude. The transverse failure strain
trends higher than the axial by 0.5 to 1.0 percentage points.

8.3.3 Comparison of Modified D 3039 and Bowtie Axial and Transverse

As mentioned in Section 4.5.1, the bowtie fixture grips 100% of the 0° and biastowsin
the gage section under ideal conditions. A small number of fibers may not be gripped depending
on the alignment of the tows through the thickness. Cracks initiated at the notch will be blunted
by tows extending into the grips.

In contrast, the ASTM D 3039 straight-sided gage section allows for crack initiation
along both sides of the straight edge. Only those bias tows close to the tab region are gripped.
The axial and bias tows will aso blunt the cracks, but the available surface for crack initiation
and propagation is much higher than for the bowtie specimen.
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Figure4l. Measured Peak Tensile Stress of Axial and Transverse 2D3A Normalized to
56 vol% Fiber
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Figure 42. Measured M odulus of Axial and Transverse 2D3A
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Figure 43. Failure Strain of Axial and Transverse 2D3A
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Table 13 summarizes the tensile data for the bowtie and D 3039 configurations at an
equivalent test rate. Additional details are given below.

Table 13. Comparison of Bowtie and Modified ASTM D 3039 Tensile Properties at

1.27 mm/min
BOWTIE MODIFIED ASTM D 3039
Egr Normalized Egr . . Normalized Egr .
Breaking | Peak Stressto | Breaking Elastic Poisson's Egr Breaking Peak Stress to | Breaking Elastic Poisson's
. ) Modulus N Stress . ) Modulus )
Stress 56 vol % Fiber Strain [GPa] Ratio [MPa] 56 vol % Fiber Strain [GPa] Ratio
[MPa] [MPa] [%] [MPa] [%]
841 817 1.35 68.4 0.25 846 857 1.95 433 0.31
Average
Axial Std.Dev. 237 30.6 0.02 1.84 47.8 48.4 0.09 1.7 0.01
Coeff. of Var. [%] 2.82 3.75 1.38 2.69 5.65 5.65 4.8 4.0 4.38
Average 965 942 2.07 66.4 0.01-0.36 333 337 144 34.7 0.32
Transverse Std.Dev. 30.1 29 0.50 9.6 8.0 8.1
Coeff. of Var. [%] 3.12 3.12 243 145 2.40 2.40

8.3.3.1 Axia Tensile

The bowtie axia tensile strength at 1.27 mm/min was 40 MPalower than the results
using the modified ASTM D 3039 specimen. Thiswas still within one standard deviation of the
average. The equivalent axial tensile strength suggests that the contribution of the bias towsto
the overal strength is minimal. However, the axial failure strain and stiffness were quite
different, as seen in Figure 44. The bowtie failure strain was lower by afactor of 0.7 and the
stiffness was 58% higher.

The differenceis stiffness and failure strain is thought to be due to the restricted available
movement of the fiber tows in the center gage section. The restriction is from both the specimen
design, with asingle region for the stress concentration and failure, and the engagement of the all
of thetows in the grip. Cracks initiated in the longer length of the straight-sided D 3039
specimen allows for more movement of the tows to accommodate the increasing load. The
resultant stiffnessis lower and the total strain before failure is greater.
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Figure 44. Comparison of Axial Tensile Stress-strain Response at 1.27 mm/min

8.3.3.2 Transverse Tensile

The bowtie transverse tensile properties are quite different. The tensile strength is 280%
higher than for the ASTM D 3039. The failure strain is higher, probably because of limited crack
propagation in the bowtie versus D 3039 specimen. The bowtie stiffnessis higher because of the
restricted movement of the gripped fiber tows and the varying amounts of axial fibersin the gage
section. Figure 45 shows the stress-strain response for the two configurations.
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Figure 45. Comparison of Transverse Tensile Stress-strain Response at 0.6 to 1.27 mm/min
for Modified ASTM D 3039 and Bowtie Specimens
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8.4 Compression

As mentioned in Section 4.6.2, the tapered compression specimen had cracksinitiating at
the shoulder radius. Failure occurred at the shoulder radius and a so in the unsupported section.
Subsequent tests used a straight-sided specimen. The width of the specimen (66 to 71 mm)
allowed for 4 unit cellsin the axial direction and 14 unit cellsin the transverse. The unsupported
section was 3.2 mm long. The DIC window for the strain measurement covered at least 2.5 unit
cellsin the loading direction.

Specimens were tested at 1.27 mm/min using a solid backing plate and one with the DIC
window to check to see whether the DIC window caused premature buckling or failurein the
window. The results did not show a difference in the peak stress or failure location.

Detailed data and summary graphs are in Appendix M for the axial compression and
Appendix N for the transverse compression.

8.4.1 Axial Compression

Table 14 summarizes the low rate data using the UDRI specimen configuration and
results from Littell. The strength and modulus numbers are within one standard deviation. The
failure strain is lower. However, variability data were not given by Littell and the difference may
not be significant.

The mechanical properties for the test rates from 0.0004/sto 0.4/s arein Table 15.
Figure 46 shows the axial compression stress-strain curves for the straight-sided specimens and
Figure 47 includes the dogbone specimens. Figure 46 shows two individual specimens which
appear to be outliers. However, two distinct groups are represented when the dogbone specimens
are also plotted on the same curve (Figure 47).

The peak compressive strength of the dogbone specimen is not statistically different from
the straight-sided specimen (Figure 48). They do have a higher measured modulus and lower
failure strain (Figures 49 and 50). One would suspect that the differences are strictly due to the
specimen shape. However, two of the straight-sided specimens had a similar response as the
dogbone. The difference may be due to the onset of buckling of the axial tows. The modulus and
failure strain were insensitive to the increasing strain rate.

The strength at 0.004/s is lower by 50 MPathan at the other rates. The strength data at the
other rates are equivaent. Thereis no assignable cause for the lower strength at 0.004/s.

Figure 51 shows atypical failure for the dogbone and straight-sided axial specimen.

Failure in the dogbone was initiated at the shoulder radius and propagated along the DIC
window. The straight-sided specimen failed at the unsupported section.
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Table 14. Comparison of Axial Compression UDRI and Published Data [13]

Straight-sided UDRI

Test Rate of 1.27 mm/min
Measured rate of 0.00012/s

From Littell PhD Thesis [13]
Test Rate of 0.635 mm/min

Engineering Engineering Engineering Engineering
Breaking Breaking Elastic* Breaking Breaking Elastic
Stress Strain Modulus Stress Strain Modulus
[MPa] [%] [GPal [MPal] [%] [GPal
Average [DIC data] 285 0.64 36.0/49.3 327 1.01 414
Axial Std.Dev. 20.6 0.04 2.96/4.27 47 6.0
Coeff. of Var. [%] 7.22 6.84 8.22/8.66 14.5 145

*Two groupings in the stress strain response. Each group had a similar behavior across the rates. The two modulii represent the average for

each grouping.

Six layer laminate used by Littell versus 3-layer for UDRI. Littell tested two specimens.

Table 15. Axial Compression Data Summary for 2D3A

Engineering Normalized Engineering .
i . Elastic
Breaking Peak Stress to Breaking Modulus
Stress 56 vol % Fiber Strain [GPa]
[MPa] [MPa] [%]

283 282 0.64 51.7

Average

0.00012/s

1.27 mm/min Std.Dev. 131 18.0 0.04 412
Coeff. of Var. [%] 4.63 6.37 6.84 7.97
252 237 0.73 345

Average

0.004/s

0.48 m/min Std.Dev. 16.1 15.1 0.06 2,57
Coeff. of Var. [%] 6.37 6.37 8.80 7.46
284 271 0.71 40.7

Average

0.45/s
0.48 m/min Std.Dev. 26.6 247 0.05 5.68
Coeff. of Var. [%] 9.39 9.12 7.2 13.96
Average 280 269 0.76 37.7
0.4/s
4.5 m/min Std.Dev. 30.8 25.1 0.15 4.50
Coeff. of Var. [%] 10.99 9.32 19.4 11.94
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8.4.2 Transverse Compression

Table 16 summarizes the low rate data using the UDRI specimen configuration and
results from Littell [13]. The strength data are within one standard deviation. The UDRI data
using the high rate specimen are summarized in Table 17.

Figure 52 shows the transverse compression stress-strain curves. All of these specimens
were straight-sided. There is an increase of 18% in strength between 0.0004/s and 0.004/s if one
excludes an outlier at 0.004/s (Figure 53). The strength across 0.004/s to 0.04/s remains the
same. The modulus does not change between 0.004/s and 0.4/s (Figure 54). The modulus
increased 13% between 0.04/s and 0.4/s. The failure strain was insensitive to the increasing
strain rate from 0.004/sto 0.4/s (Figure 55). Typical failures are shown in Figure 56.
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Table 16. Comparison of Transverse Compression UDRI and Published Data [13]

Straight-sided UDRI
Test Rate of 1.27 mm/min

From Littell PhD Thesis [13]

Test Rate of 0.635 mm/min

Measured rate of 0.00012/s

Engineering Engineering Engineering Engineering
Breaking Breaking Elastic Breaking Breaking Elastic
Stress Strain Modulus Stress Strain Modulus
[MPa] [%] [GPa] [MPa] [%] [GPa]
Average [DIC datal 255 - 304 0.87 42.7
Transverse Std.Dev. 32.2 - 44 6.2
Coeff. of Var. [%] 12.6 - 145 14.5

Six layer laminate used by Littell versus 3-layer for UDRI. Littell tested two specimens.

Table 17. Transverse Compression Data Summary for 2D3A

Engineering Normalized Engineering .
i ; Elastic
Breaking Peak Stress to Breaking Modulus
Stress 56 vol % Fiber Strain (GPa]
[MPa] [MPa] [%0]
Average 226 221 - )
0.00005/s
0.6 mm/min Std.Dev. 152 15 - -
Coeff. of Var. [%] 6.73 6.73 - -
Average 265 249 0.72 39.3
0.004/s
0.48 m/min Std.Dev. 34.0 32 0.12 2.8
Coeff. of Var. [%] 12.8 12.8 17.2 7.25
288 271 0.75 40.1
Average
0.4/s
0.48 m/min Std.Dev. 18.2 17 0.08 1.7
Coeff.of Var. [%] 6.33 6.33 10.0 41
305 288 0.74 45.0
Average
0.4/s
4.7 m/min Std.Dev. 27.8 26 0.04 2.3
Coeff. of Var. [%] 9.11 9.11 5.8 5.2
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Figure 54. 2D3A Transverse Compressive Modulus asa Function of Strain Rate
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Figure 55. 2D3A Transverse Compressive Failure Strain as a Function of Strain Rate
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Figure 56. Typical Failure Location for Transver se Compressive Specimens

8.4.3 Comparison of Axial and Transverse Compression

The mechanical properties are shown in Figures 57 to 60. The axia and transverse peak
strength data are equivalent across the tested rates. The exception is the transverse data at
0.00004/s, which had unusually low data as mentioned in Section 8.3.2. The data at this rate may
not be an accurate representation of the strength, given the fact that both the axial and transverse
strength data are equival ent and insensitive across the other tested rates.

The compressive modulus (Figure 58) is equivalent between the axial and transverse
orientation. Thisisin part due to the two groupings of the axia stress-strain response. If one
compares only the straight-sided specimens (Figure 59), then the transverse modul us appears to
be dightly higher. However, the difference is not statistically significant because of the spread in
the axial modulus data. The axial and transverse failure strains are equivalent (Figure 60).
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Figure 57. 2D3A Compressive Strength as a Function of Strain Rate
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Figure 58. 2D3A Compressive Modulus as a Function of Strain Rate
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Figure 60. 2D3A Compressive Failure Strain asa Function of Strain Rate

8.5 Shear

The high rate fixture gripped the specimens out to the edge of the tab. Only the notch area
was unsupported. About three to seven resonant waves were noticed at the maximum test rate of
45 m/s. The axia shear data packageisin Appendix O and the transverse shear dataare in
Appendix P.

8.5.1 Comparison to Published Data

The data at the low rate are compared in Table 18. The UDRI shear dataare lower by a
factor of 0.72 than the data from Littell [13]. The shear modulus is equivalent.

8.5.2 Axial Shear (Shearing Across 0° Fiber Bundles)

The mechanical properties using the high rate shear specimen from 0.0008/sto 2.5/s are
in Table 19. The axia stress-strain response across the tested ratesis given in Figure 61. The
peak strength, modulus, and strain as a function of the strain rate are graphed in Figures 62 to 64,
respectively. Typical failures are shown in Figure 65.

About five to six low amplitude resonant waves were present before failure at the fastest
rate of 49 m/min. Thisis below the desired 10 to 15 waves for dynamic equilibrium.

There isapositive trend in the strength as the rate increased. The average strength
increased 10% between 0.0008/s and 2.5/s. However, there was no statistical significance in the
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dataamongst the three lower rates because of the variability. Therefore, the increase per decade
was hard to measure.

Table 18. Comparison of UDRI Shear Data and Published Data [13]

UDRI V-Notch
Test Rate of 1.27 mm/min
Measured rate of 0.00012/s

Littell V-notch [13]
Test Rate of 0.635 mm/min

Engineering Engineering Engineering Engineering
Breaking Breaking Elastic* Breaking Breaking Elastic
Stress Strain Modulus Stress Strain Modulus
[MPa] [%] [GPal [MPal [%] [GPa]
Axial Average [DIC datal 177 0.75 329 257 - 32.0
Shearing
across 0° Std.Dev. 124 010 1.45 10 . 11
fibers
Coeff. of Var. [%] 7.01 13.2 44 3.9 - 34
Transverse Average [DIC data] 195 0.75 29.2 Similar results for both orientations
Shearing Std.Dev 17.1 0.04 3.47
along 0°fibers T
Coeff. of Var. [%] 88 482 11.89

Six layer laminate used by Littell versus 3-layer for UDRI. Littell tested two specimens.

Table 19. Axial Shear Data Summary for 2D3A
Shearing Across 0° Fiber Tows

Engineering Normalized Engineering )
Breaking | Peak Stres_s to Break_ing IVIIE;ZSutIfs

Stress 56 vol % Fiber Strain (GPa]

[MPa] [MPa] [%6]
Average 180 177 0.75 329
1.2??&?§in Std.Dev. 113 12.4 0.10 145
Coeft. of Var. [%] 6.30 7.01 13.24 4.40
Average 190 188 0.83 285
O.g.&s;::in Std.Dev. 15.9 16.0 011 1.24
Coeff. of Var. [%] 8.40 8.54 13.13 435
Average 177 174 0.72 255
50612/?1:; Std.Dev. 2.6 23 0.11 291
Coeff. of Var. [%] 148 129 147 11.4
Average 201 199 0.84 26.0
492En5//r?1in Std.Dev. 5.2 5.1 0.03 0.84
Coeff. of Var. [%] 2.58 258 36 3.24
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Figure 62. Axial Shear Stress-Strain Response of 2D3A Across Tested Rates
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Figure 62. Axial Shear Strength of 2D3A Across Tested Rates
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Figure 63. Axial Shear Modulus of 2D3A Across Tested Rates
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Figure 64. Axial Shear Failure Strain of 2D3A Across Tested Rates
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a) Center b) Center and into side

Figure 65. Typical Axial Shear FailureLocations

The stress-strain data were smoothed using a piecewise polynomial fit to the curve. The
strain data at 0.25/s and 2.5/s [5 and 49 m/min] had a high amount of fluctuations, as seenin
Figure 66. The elastic region for these curves was hard to define and the moduli for these rates
are estimates. The apparent decrease in the modulus at rates above 0.025/s may be an artifact of
the smoothing process.

The failure strain did not change across the tested rates.
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Figure 66. Unsmoothed Axial Shear Stress-Strain Response at 0.25/s
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8.5.2 Transverse Shear (Shearing Along 0° Fiber bundles)

The mechanical properties using the high rate shear specimen from 0.0003/sto 8/sarein
Table 20. The transverse shear stress-strain response across the tested ratesis given in Figure 67.
The peak strength, modulus, and strain as afunction of the strain rate are graphed in Figures 68
to 70, respectively.

Typical failures are shown in Figure 71. Most of the specimen failed down the center or
close to the center notch. It was noticed during testing that some of the initia failures occurred
on the back face of the specimen, away from the DIC cameras (Figure 71b). The fina surface
crack was not necessarily indicative of where the crack initiated.

The strain oscillations were not as great as for the axial shear dataand so it was easier to
apply apolynomia fit to the data. The shear remained the same between 0.0003/s and 0.05/s. It
increased about 10% with each decade up to 8/s. There was alarge amount of variability at most
rates. The modulus appears to increase slightly with rate, but the large spread in the data at 0.8/s
makes it difficult to quantify the increase across each decade. The failure strain was insensitive
to theincreasing rate.

The transverse shear response was not sensitive to the number of unit cellsin the center
gage section. Increasing the specimen gage width by 250% did not change the stress-strain
response.

The transverse shear fixture was slightly longer than the axia shear fixture and the
natural resonance frequency was longer. Only threeto five stress waves were present at the upper
test rate of 49 m/min.

Table 20. Transverse Shear Summary Table of 2D3A
Shearing Along 0° Fibers

Engineering | Normalized | Engineering Elastic
Breaking Peak Stress to Breaking Modulus
Stress 56 vol % Fiber Strain [GPa]
[MPa] [MPa] [%]
Average 200 195 0.75 29.2
0.0003/s
1.27 mm/min Std.Dev. 14.0 171 0.04 347
Coeff. of Var. [%] 7.02 8.76 482 11.9
218 212 0.86 28.5
Average
0.05/s to 0.1/s
0.5 m/min Std.Dev. 171 18.8 0.12 2.08
Coeff. of Var. [%] 7.86 8.87 135 7.28
Average 239 233 0.86 329
0.8/s

5 m/min Std.Dev. 64 6.1

Coeff. of Var. [%] 2.66 261
Average 226 216 0.86 33.4

8/s

49 m/min Std.Dev. 15.9 10.9 0.09 159
Coeff. of Var. [%] 7.02 5.08 10.9 4.76
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Figure 67. Transverse Shear Stress-Strain Response of 2D3A Across Tested Rates
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Figure 68. Transverse Shear Strength of 2D3A Across Tested Rates
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Transverse Shear [0° fibers parallel te loading direction]
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Figure 69. Transver se Shear Modulus of 2D3A Across Tested Rates
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Figure 70. Transverse Shear Failure Strain of 2D3A Across Tested Rates
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b) Center crack on back face

a) Center

Figure71. Typical Transverse Shear FailureL ocations

8.5.3 Comparison of Axial and Transverse Shear

The mechanical properties are shown in Figures 72 to 74. The transverse shear strength
issignificantly higher than the axial shear strength (Figure 72). Differences in the modulus due
to orientation are hard to identify (Figure 73). The axial and transverse failure strains are
equivaent (Figure 74).
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Figure 72. 2D3A Shear Strength asa Function of Strain Rate
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Figure 73. 2D3A Shear Modulus as a Function of Strain Rate
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Figure 74. 2D3A Shear Failure Strain asa Function of Strain Rate
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8.6 Compression Tube Tests

The flat ended tube exceeded the SME actuator capacity (98 kN). All subsequent tests
were performed on tubes which had a single 45° angle cut on one end.

A typical low and high rate output curveis shown in Figure 75. The initial peak data can
vary depending on the initial contact of the tube and the platen and the test speed. The slight
variations can result in large differences in the measured peak. In addition, the initial load into
the specimen is similar to an impulse load into the material and the first peak has a higher
amplitude than all subsequent stress waves. The impulse load triggers resonant wavesin the
system and into the material. The high initial peaks are circled in Figure 75b. These waves
cannot be avoided at the upper rates.

Figure 75b also shows the magnitude of the rebound of the platen at 440 m/min [7.4 m/g].
The load drops to zero after the initial impact. The platen is driven forward by the actuator and
the platen continues to crush the tube.

All of the specimens exhibited a progressive crush. However, the failure modes varied.
The low rate specimens failed in a combination of fan-folding and subsequent axia tearing of the
sides with the torn sides (fronds) extending outward (Figure 76). The higher rate specimens had
the outside layer folded over the outside of the tube. The next two layers were not able to fold
over thefirst layer and tore along the axis in sections. The fronds either folded on the outside or
into the middle of the tube (Figure 77).
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Figure 75. Typical Tube Crush L oad-Displacement Curvesat a Slow and Fast Rate
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STLAD3 =51

STUI0S =7

a) Fanfolds b) Fan folding and tearing

Figure 76. Low Rate Tube Failure

il st i b) Endview

a) Sideview with folded over braid

Figure77. High Rate Tube Failure
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Comparison of the data across the test rates had to consider the differencesin theinitia
part of the curve and the failure mode. The displacements were zeroed at aload level of 40 kKN
for ease of comparison across the rates and the test systems.

The displacement of various sections along the tube was measured at 1.5 m/min using the
SEM DIC. Oftentimes the DIC data were not valid because of material debrisin the film image
or the compressed tube material covering up the DIC markers. Figure 78 shows an example of
the points tracked by the DIC and the comparison to the actuator stroke. The measured point
displacements were equivalent to the actuator stroke after theinitial ~15 mm of crush. This
portion of the displacement was over the region of initial impact and induced resonant ringing at
the higher rates. Any comparison of average crush data across the tested rates would have to
exclude this section of the curve. Therefore, the actuator displacement was considered to be
representative of the tube displacement.

a) DIC Tube Image
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Figure 78. Polygon Regions Tracked by the DIC and Comparison of the M easur ed
Displacementsto the Actuator Displacement
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8.6.1 Tube Compression Strength

As mentioned in Section 7.4, the characteristics of the tube crush can be analyzed using
various equations. The data for this program were compared using the SEA (Eg. 5), the SSCS
(Eg. 6), and the CCR (EQ. 7). The median stress response was used for SSCS and CCR to
minimize the resonant wave contribution. The CCR eguation used the median stress normalized
to 56% fiber volume for direct comparison to the normalized coupon compressive stress.

The crush behavior was well established within the first 20 to 30 mm of zeroed
displacement at all of the rates, as seen in Figure 79. An arbitrary level of 25 mm was used as the
start point for the median crush strength. A common endpoint of 115 mm of zeroed displacement
was used for &, because this value was reached at all of the rates.

Table 21 summarizes the results for the tube crush. A detailed summary tableisin
Appendix Q along with plots for each rate.

The SSCS and CCR were equivalent at 1.5 m/min and 140 m/min. The SSCS and CCR
decreased by afactor of 0.88 to 0.91 between 140 and 440 m/min.

The SEA used for design purposes was equivaent at 1.5 m/min and 140 m/min. It was
lower by afactor of 0.91 at 440 m/min (Figure 80). The SEA calculated under the assumption
that the crush zone was equivalent to the actuator displacement (Eq. 5a) had similar results; i.e.
equivaency at 1.5 and 140 m/min with areduction by a factor of 0.93 by 440 m/min. However,
the SEA at 1.5 m/min calculated via Eq 5b (considering the total deformation with the folds) is
much lower than via Eq. 5a. Thisindicates that the fold length must be incorporated into the
SEA calculation.
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Figure 79. L oad-Displacement Curves Acrossthe Tested Rates
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Table 21. Compression Tube Strength and Peak Temperatures

Median Stress Specific Specific Energy e -
Specific Ener Specific Ener
Median Crush | Median Crush | Normalized to Sustained Crush Absorption(l) with pb R (z?y pb . (3g);y izr:gee?fa:;::
Load* Stress* 56% Fiber | Crushing Stress | Compression |  folding mode A SOSrE“Ao” Al SOS"E[/';)” Duria Crh
kN [MPa] Volume [SSCS] Ratio** failure [SEA-FM] [E( T } [kg K ,\]2] [ogcl
[MPa] [MPa] [kIkg] g g
47.0 74.9 95.8 515 0.35 433 53.3 19.9
Average
1.5 m/min
0.0254 m/s Std.Dev. 3.66 5.79 9.61 4.29 0.04 2.96 4.56 2.00
Coeff. of Var. [%] 7.78 7.74 10.0 8.32 10.0 6.84 8.56 10.0
Average 47.8 771 97.4 53.2 0.36 - 525 20.9
140 m/min
2.4mis Std.Dev. 214 344 4.55 201 0.02 - 2.30 0.81 173-362
Coeff. of Var. [%] 4.48 4.46 4.67 3.77 4.67 - 4.37 3.89
433 69.2 85.8 47.8 0.32 - 48.9 19.0
Average
440 m/min
7.4mls Std.Dev. 2.35 3.24 3.77 195 0.01 - 1.95 0.94 254-308
Coeff. of Var. [%] 5.43 4.69 4.39 4.08 4.39 - 3.98 4.96

1) SEA calculated using Es= Work/(area*density*[actuator displacment + displacement of folded length])

2) SEA calculated using  Es= Work/(area*density*total actuator displacement)

3) SEA for design purposes Es=Work(displacement at peak - displacement at end)/(mass of tube*displacment at end)
The peak temperatures exceeded the calibration curve maximum of 200°C for all but one of the specimens.

A comparison of the SEA values using both Eq 5b at 1.5 m/min and Eq 5a at the two
upper rates does not show a clear trend (Figure 80). The SEA for design purposes incorporated
the fold length into the cal culations and the trend tracks the trends seen in the SSCS and CCR.
There is no clear consensus regarding the rate effects on carbon braid composites [35], although
many report rate insensitivity at lower rates and a slight decrease with increasing rate. These tube
resultsfall into this category.

A singletube with aflat end was tested at 2.4 m/s. The data were similar to the data for
tubes which had the bevel crack initiator.
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8.6.2 Tube Compression Strain

Strain data taken at discrete points aong the length of the tube had alarge amount of
uncertainty. Strain data for a polygon taken ~130 mm from the top end of the tube is graphed in
Figure 81. The peak of the stress-strain curve reflects the contribution of the high amplitude
stress waves. The sustained crush strength was about one-quarter of that for the coupon data
[~75 MPavs 270 MPa] and the failure strain ranged from 0.4% to 0.8% compared to 0.9% for
the coupons. The uncertainty level wasfairly high (6 to 10%) but the shape of the tube
compressive stress-strain curve was similar to the lower stiffness coupon data (Figure 82).
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8.6.3 Tube Temperatures

The peak temperatures exceeded the IR calibration curve maximum of 200°C for al but
one of the specimens (STL103-7-2). Temperatures above 200°C were beyond the calibrated
range. These data may be used for qualitative comparisons but should be used with extreme
caution as absolute figures since they are extrapol ated often well beyond the valid calibration
range. The peak temperature given in Table 21 reflects the average peak temperature during the
actual crush event.

Figure 83 shows the changing temperature as the test progressed in time over the region
of the crush event. The actuator movement was complete within 0.05 seconds at 2.4 m/s and 0.02
seconds at 7.4 m/s, but the temperature continued to increase. The onset of the temperature rise
was shifted to coincide with the load introduction as much as possible. The two data sets were
not synchronized during the test.

The specimens run at 2.4 m/s showed a slower temperature rise than those at 7.4 m/s, as
one would expect. The average peak temperature during the crush was ~270°C for both rates.
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Figure 83. Composite Tube Temperatures During Crush
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9.0 OVERALL SUMMARY

9.1 Materia Selection and High Rate Specimen Designs

Two-dimensional triaxial carbon braid (2D3A) was selected for study after areview of
the literature and consultation with technical experts. The 0°/+60° braid was in-plane isotropic.
The braid offered a method of providing off-axis strength and post-impact integrity in aform that
would be suitable for an automotive structural component.

Composite panels and tubes were fabricated using Toray T700s C 12000 carbon fiber and
Epon 862W epoxy resin. Each panel and tube contained three layers of the braid. The average
fiber volume of the panels and braid were 57.2% and 44.4%, respectively.

Tension, compression, and shear mechanical properties were generated at test rates up to
50 m/min (0.8 m/sec). High rate specimens and fixtures were designed with the following
requirements. aminimum of 2.5 unit cellsin the test section, minimal specimen length, minimal
fixture weight, and afailure load below 98 kN. The relevant quasi-static and high rate standards
and recommended procedures were reviewed.

The final high rate specimens used the sizes in the standards as a guideline. The various
fixture designs were able to transfer the loads into the specimens. Grip marks were evident in the
tab region, which was indicative of shear loading through the tabs. The amount of 1oad
transferred through the bolts was not determined. No deformation was noted in the bolt holes.

Some resonant ringing was noted in the load response at the upper rates (~50 m/min).
These data could be improvement through fixture redesign, such as weight reduction and
minimizing the number of bolts. Generating useable data at even faster rates would require a
specimen redesign. The major contributor to the current specimen design was the decision to
include 2.5 unit cells within the test section. Minimizing the test gage width would reduce the
specimen length, failure loads, fixture length, and fixture weight. All of these factors combined
would raise the natural system resonant frequency and improve the data quality at rates above
50 m/min.

The measured peak strengths had relatively low levels of variability (3 to 7%) compared
to the modulus and failure strains (10% and higher). Future tests should include a minimum of
fivereplicates per condition in order to identify statistically significant changes due to rate.

9.2 Comparison of Tensile Data Using the ASTM D 3039 and Bowtie Configuration

The high rate tensile specimen was a bowtie design. Data were generated at quasi-static
rates for comparison to standard ASMT D 3039 tensile data. The bowtie axia tensile strength
was similar to the data using the D 3039 specimen, but the stiffness was higher and the failure
strain lower. The transverse tensile strength was almost three times higher than the D 3039 data.
The D 3039 failure strain was lower, probably because of cracksinitiated at the edge. The bowtie
transverse stiffness varied, depending on the amount of axial fiber towsin the cross section.
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The major difference between the specimen designs was the amount of fiber tows gripped
in the fixture. The bowtie specimen gripped al of the axial and bias fiber tows which ran through
the center gage section. The D 3039 gripped alimited number of bias and axial tows, especially
in the transverse orientation. In addition, the D 3039 long gage section had many cut fiber tows
along the edge which could act as crack initiation sites. The bow tie configuration had a central
notch. Cracksinitiated at this location, but they were blunted within 0.5 unit cells from the notch.

9.3 High Rate Coupon M echanica Properties

9.3.1 Tenslle

The bowtie axia tensile strength was 778 + 50 MPa and the failure strain was
1.33 + 0.13%. The strength was rate insensitive. The failure strain had a negative trend with
increasing rate, but it was not statistically significant due to the high variability. The stiffness
increased with rate and was 25% higher at 2/s compared to 0.00009/s (82 GPa versus 67 GPa).

The bowtie transverse tensile strength and failure strain were significantly higher than the
axia (979 + 45 MPaand 2.01 £+ 0.49%). Both were rate insensitive. The modulus had a high
amount of variability thought to be due to the relative amount of axial fibersin the center gage
section. The transverse modulus was of similar magnitude as the axial modulus, but it ranged
from 58 to 116 GPa.

9.3.2 Compression

The axial compression strength was 270 + 25 MPa. It was rate insensitive. The stress-
strain response exhibited two distinct groups in the behavior. The dogbone-shaped specimens
tended to have a higher modulus and shorter failure strain. However, some of the straight-sided
specimens also fell within this grouping. The difference may be due to the onset of buckling of
the axial tows. The stiffness and failure strain were insensitive to rate within a given group.

The transverse compression strength exhibited a trend of increasing strength with rate but
it was not statistically significant. A positive trend is expected since the compressive loads are
loading bias fibers and resin rather than the axial fibers. The rate sensitivity of the epoxy should
be reflected in the transverse compressive response. The overall strength was 259 + 30 MPa,
which was equivalent to the axial strength.

The transverse compressive modulus increased 13% between 0.04/s and 0.4/s (39.6 to
45 GPa). Thefailure strain had alarge amount of variability. It had a decreasing trend with
increasing rate but the trend was not statistically significant. The overall failure strain was
0.74 £ 0.09%. The transverse modulus and failure strain were similar to the axial.

9.3.3 Shear

A discrete number of resonant stress waves (4 to 7) were present at the upper test rate of
50 m/min. Specimen and fixture redesign would improve the dynamic equilibrium and data
quality at thisrate.

The axial shear strength increased 13% between 0.0008/sto 2.5/sfrom 176 MPato 198
MPa. The shear modulus was rate insensitive. The apparent decrease in axial modulus is thought
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to be due to an artifact of the smoothing function used in the data anaysis. The axial shear
failure strain was 0.79 + 0.1% and was rate insensitive.

The transverse shear strength increased 10% with each decade increase above 0.05/s. The
shear modulus had a positive trend with rate. It increased 15% between the two bottom and two
top rates, from 28.8 GPa at 0.0003/sto 33.1 GPaat 8/s. Once again, the variability within rates
made it difficult to quantify the increase per decade. The transverse shear strain was 0.84 + 0.1%
and was rate insensitive.

The transverse shear strength was at |east 13% higher than the axia shear strength at all
rates. The failure strains were equivalent for both orientations.

9.4 Tube Compression

Carbon fiber 2D3A tubes were compressed at rates up to 440 m/min (7.4 m/s). The crush
behavior was well established within 25 mm of the zeroed displacement. There was rate
insensitivity between 1.5 m/min and 140 m/min. There was a slight decrease in the specific
sustained crushing stress (SSCS), crush compression ratio (CCR), and the specific energy
absorption (SEA).by afactor of 0.9 between 140 m/min and 440 m/min.

The sustained crush strength was about one-quarter of that for the coupon data[~75 MPa
vs 270 MPa] and the failure strain ranged from 0.4% to 0.8% compared to 0.9% for the coupons.
The uncertainty level wasfairly high (6 to 10%) but the shape of the tube compressive stress-
strain curve was similar to the lower stiffness coupon data. The average peak tube temperature
during the crush was ~270°C at both rates.

10.0 RECOMMENDATIONS

The overall specimen size and thickness was dictated by the requirements for generating
valid data at higher rates. The optimum gage width, determined through sensitivity studies,
would help to optimize the fixture design. The combination of proper specimen size and fixture
design will help to generate valid data at higher rates.

A minimum of five replicates per test condition is recommended to identify significant
variations due to rate. In addition, the contribution of panel-to-panel variations and fiber tow
alignment through the thickness were confounded in the data. A sensitivity study would be
needed to establish these effects on the measured properties using the various specimen
configurations.

The fiber tow locations through the thickness may have contributed to the variationsin
the measured materia stiffness using the bowtie and V-notch design. Use of additional layers
would help to homogenize the response. However, additional layers would increase the peak
loads, which may limit the maximum test speeds. An optimized specimen width may reduce the
peak loads. One could also use a different number of layers for the different orientations and
tests. A& P Technologies has devel oped a tacking agent which helps to maintain fiber tow
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alignment during processing. Thiswould help to identify the contribution of tow location to the
measured material response using the bowtie or V-notched specimens.
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CARBON FIBER

TECHNICAL
DATA SHEET

No. CEA-005

TORAYCA
17008 DATA SHEET

Highest strength, standard modulus fiber available with excellent processing
characteristics for filament winding and prepreg. This never twisted fiber is used in
high tensile applications like pressure vessels, recreational, and industrial.

FIBER PROPERTIES

English nMetric Test Method
Tensile Strength 711 ksi 4,900 MPa TY-030B-01
Tensile Modulus 33.4 Msi 230 GPa TY-030B-01
Strain 21 % 21 % TY-030B-01
Density 0.065 Ibsfin® 1.20 gfcm® TY-030B-02
Filament Diameter 2.8E-04 in. T um
Yield BK 3.724 ttflbs 400 gMooom TY-030B-03
12K 1.862 ftflbs 800 gMooom TY-030B-03
24K a03 ftflbs 1,650 g/f1000m TY-030B-03
Sizing Type 500 1.0 % TY-030B-05
& Amount GOE 0.3 % TY-030B-05
FoE 0.7 % TY-030B-05

Twist Mever twisted

FUNCTIONAL PROPERTIES

CTE -0.38 wio % C

Specific Heat 0.18 Calfg-'C
Thermal Conductivity 0.0224 Calficm.s"C
Electric Resistivity 1.6 x 107 cm
Chemical Composition: Carbon 93 %

Ma + K =50 ppm

COMPOSITE PROPERTIE S

*

Tensile Strength 270 ksi 2,550 MPa ASTM D-3030
Tensile Maodulus 20.0 Msi 135 GPa ASTM D-20320
Tensile Strain 1.7 % 1.7 % ASTM D-20389
Compressive Strength 215 ksi 1.470 MPa ASTM D-8o5
Flexural Strength 245 ksi 1,670 MPa ASTM D-790
Flexural Modulus 17.5 Msi 120 GPa ASTM D-720
ILSS 13 ksi g l".g’rfmn’l2 ASTM D-2344
o0 Tensile Strength 10.0 ksi 59 MPa ASTM D-3030

" Toray 250°F Epoxy Resin. Hormalized to 60% fiber wvolume.

TORAY CARBON FIBERS AMERICA,
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17008

COMPOSITE PROPERTIES """

Tensile Strength 355 ksi 2,450 MPa ASTM D-2030
Tensile Modulus 18.0 Msi 125 GPa ASTM D-3039
Tensile Strain 1.7 % 1.7 % ASTM D-3039
Compressive Strength 230 ksi 1.570 MPa ASTM D-G95
Compressive Modulus --- Msi --- GPa ASTM D-595
In-Plane Shear Strength 14 ksi 28 MPa ASTM D-2518
LSS 15.5 ksi 1 kot/mm® ASTM D-2344
a0 Tensile Strength 10,0 ksi 70 MPa ASTM D-3039

** Taray Semi-Toughened 350°F Epoxy Resin. Mormalized to 60% fiber volume.

See Section 4 for Safety & Handling information. The abowe properties do not constitute any warranty of guarantes of walues.
These values are for material selkection purposes only. For applications requiring guaranteed walues, contact our sales and technical team

to establish a material specification document,

PACKAGING
The table below summarizes the tow sizes, twists, sizing types, and packaqging available
for standard material. Other bobbin sizes may be available on a limited basis.

Bobbin i - Spools Case
Tow - . MNet Bobbin Bobhbin Size (mm) P B Met
Sizes Twist Sizing Weight  Type® -~ e - - ol Weight
(kg (kg)
Gk [ S0C 2.0 1 765 225 280 140 232 12 24
C S0C 6.0 1 765 225 2a0 200 252 4 24
12K C &0E 6.0 1 765 B25 280 200 252 4 24
C FoE 5.0 1 765 B25 280 200 252 4 24
iz 500 6.0 1) 785 825 280 200 252 4 24
24K C G0E 6.0 1 765 82353 2a0 200 252 4 24
C FoOE 6.0 1 765 225 2a0 200 252 4 24
1Twdst A Twisied yarn E: Unbaistad yarn mads from a twisted yarm through an unteisting procass C: Maver twisied yarn
Z Bobbin Typa Sea Diagram below
rvee [ rvee [ rvee JJI
o b a] ‘\1— o b  aT

- _J r—": ; =

TORAY CARBON FIBERS AMERICA, INC.
& Hutton Centre Drive, Suite #1270, Santa &na, CA 92707 TEL: (T14) 4371-2320 FAX: (774) 424-0750
Sales@Toraycfa.com Technical@Toraycfa.com www.torayusa.com
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RESIN EPON™ 862
MOMENTIVE

Technical Data Sheet

Re-issued March 2005
EFOM™ Resin 862

Product Description

EPOMN™ Resin B62 (Dighycidyl Ether of Bisphenol F) is a low viscosity, liguid epoxy resin manufactured
from epichlorohydrin and Bispheno-F. This resin contains no diluents or modifiers. EFOMN Resin 862 may
be used as the sole epoxy resin or combmned with other resins such as EPOMN Resin B28. When blended
with EFON Resin 828, EPON Resin 362 provides a technigue to reduce viscosity with no sacrifice in
chemical and solvent resistance properties, and the blended resin will exhibit improved crystalfzation
resistance properties when compared to the neat, liquid, Bisphenol-& or Bisphenol-F type resins. When
EFOM Resin 8682 is cross-linked with appropriate curing agents, superor mechanical, adhesie, electrical
and chemical resistance properfies can be obtained.

Application Areas/Suggested Uses

+ Sohlentless or high solidsfow VOO mantenance and marine coatings
» Chemical resistant tank linings, fioorings, and grouts

« [Fiber reinforced pipes. tanks, and composites

« Toolng, casting. and molding compounds

« Consiruction, electrical, and aerospace adhesives

Benefits

« Low viscosity

» Low color

+ Reacts with a full range of epoxy curatives

+ Good balance of mechanical, adhesive, and electrical properties
« Good chemical resistance

+ Supenior physical properties vs. diluted (G Poise) resins

Sales Specification

Property Units Value Test Method/Standard
Weight per Epoade gleq 185 -173 ASTM D1852
\iscosity at 25°C P 25-45 ASTM D445
Color Pt-Ca 200 max. ASTM D209
Typical Properties
Property Units Value Test Method/Standard
Density at 25°C niga 0.3 ASTM D475
HCD-3850 (Rev. 4/28/2 00:06 AM Page 1of 5
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RESIN CURING AGENT EPIKURE™ W

ITable &/ Typical Properties of EPIKURE™ - 9000 Series & Composites |

Gal Time @ Viscosity

Chemical 2501 @ 25" C Derwsity  Eq.
Product Type {hiours) [n] Calor™  (Ikigsl) Wt PHR®  Comments
EFKURE 9270  Polyamine 23* S00-1000 B 8.1 103 g0 % For uza in CIPP [Cured In Place
Pipe) systams with EPON 8215,
Ciffers good wetting
characteristics and maintsins
optimal physical propeartiss.
EPMKURE 8551 Polyamine ] 30-70 2 8.0 5T-6T 33 Provides eocallent toughness and
elongation.
EFKURE 8553  Paolyamine 0.5 Eali] =1 7.2 oo 15 Aliphatic amine, low viscosity,
room temperature curing agent.
Provides increasad toughness
characteristics.
EPKLURE 8554  Pobyamine -4 15-24 5 7.8 35-41 20 Provides good balarcs of
processing and performance.
Designed for use in SCRIMP-type
processss.
ERKLURE W Mor-MD& 1.5°4 100-350 7 8.5 42-48 24 MNor-MDA arcmatic amine,
Armmatic provides low viscosity and very
Armine long working times, with high

performance properties afer an
ekevated temperaturs curs.

1 100 gram mazs

# Parts by waight of curing agent per 100 parts of ep sy (EEW 180

* 200 gram rmass

4 2 gram mass @ 1217

* Potdife of 1 gallon mase with EPON 3215

* Pariz by weight of curing agent per 100 parts of EPON 3215

7 Gardrer Gobor Scaks

* Equivalent Waight Amount in grame required to react with ona equivalent of epoodds
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APPENDIX B
LAMINATE AND TUBE PHYSICAL PROPERTIES
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Panel 072910-1 Laminate Physical Properties

Submitted By: Susan Hill Date Submitted: {1/21/2011
Program: George Washington University IFAS No. : 4238020003
Material: 2D carbon 0/+/-60 / Epon 862 W Panel I.D.: 072910-1
Job No: Pl Request No:
Fiber Density (g/cc)= 1.77 Resin Density (g/cc) = 1.2 No. of Plies:
Specimen Thicknesses
Spec. thickness
Number (in)
A
B
C
Avg: #DIV/0!
Specific Gravity Determination
Tested By:
Spec. | Wc w md
Number | (wt. in air) | (wt. in water)[Spec. Grav.
(X.XXXX g) | (X.XXXX Q) (X.XxX)
A 1.8014 0.6296 1.532
B 1.4928 0.5193 1.529
C 1.3754 0.4750 1.523
Avg: 1.528
Laminate Physical Properties Determinations
Tested By:
Spec. Wc Wi F.C. R.C. i Vc Fiber Void
Number | (spec. wt.)| (Fiber wt.) |(Fiber cont.)] (Resin Cont.) | (Vol. of Fibers) |(Vol. of Comp.)] Volume Volume
(Xxxxx g) | (x.xxxx g) |(X.xx Wt.%)[ (x.xx Wt.%) (x.xxxx cm3) | (x.xxxx cm3) [(x.xx Vol.%)] (x.xx Vol.%)
A 1.8014 1.1978 66.4927 33.51 0.6767 1.1758 57.55 -0.33
B 1.4928 0.9840 65.9164 34.08 0.5559 0.9763 56.94 -0.37
1.3754 0.8912 64.7957 35.20 0.5035 0.9031 55.75 -0.43
Awg. = 34.27 Awg. = 56.75 -0.38

Wf = (Crucible & Fiber wt.) - (Crucible wt.)
R.C. =100 - F.C.

Vc =Wc / Md

F.C. = (Wf/ Wc) x 100
Vf = Wf/ Fiber Density
Fiber Volume = (Vf/ Vc) x 100
Void Volume = 100 - Md*[(R.C. / Resin Density) + (F.C. / Fiber Density)]
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Panel 072910-2 Laminate Physical Properties

Submitted By: Susan Hill Date Submitted: (2/22/2011
Program: George Washington University IFAS No. : 4238020003
Material: 2D carbon 0/+/-60 / Epon 862 W Panel I.D.: 072910-2
Job No: Pl Request No:
Fiber Density (g/cc)= 1.77 Resin Density (g/cc) = 1.2 No. of Plies:
Specimen Thicknesses
Spec. thickness
Number (in)
A 0.0612
B 0.0645
C 0.0630
Avg: 0.063
Specific Gravity Determination
Tested By:
Spec. | Wc w md
Number | (wt. in air) | (wt. in water)[Spec. Grav.
(X.XXXX g) | (X.XXXX Q) (X.XxX)
A 1.4292 0.0139 1.545
B 1.4022 0.0114 1.534
C 1.3979 0.0128 1.536
Avg: 1.538
Laminate Physical Properties Determinations
Tested By:
Spec. Wc Wi F.C. R.C. i Vc Fiber Void
Number | (spec. wt.)| (Fiber wt.) |(Fiber cont.)] (Resin Cont.) | (Vol. of Fibers) |(Vol. of Comp.)] Volume Volume
(Xxxxx g) | (x.xxxx g) |(X.xx Wt.%)[ (x.xx Wt.%) (x.xxxx cm3) | (x.xxxx cm3) [(x.xx Vol.%)] (x.xx Vol.%)
A 1.4292 0.9816 68.6818 31.32 0.5546 0.9250 59.95 -0.27
B 1.4022 0.9572 68.2642 31.74 0.5408 0.9141 59.16 0.27
1.3979 0.9542 68.2595 31.74 0.5391 0.9101 59.24 0.14
Awg. = 31.60 Awg. = 59.45 0.04

Wf = (Crucible & Fiber wt.) - (Crucible wt.)
R.C. =100 - F.C.

Vc =Wc / Md

F.C. = (Wf/ Wc) x 100
Vf = Wf/ Fiber Density
Fiber Volume = (Vf/ Vc) x 100
Void Volume = 100 - Md*[(R.C. / Resin Density) + (F.C. / Fiber Density)]
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Investigation of Opportunities for Lightweight Vehicles Using Advanced Plastics and Composites

Panel 073010-1 Laminate Physical Properties

Submitted By: Susan Hill Date Submitted: {1/10/2011
Program: George Washington University IFAS No. : 4238020003
Material: 2D carbon 0/+/-60 / Epon 862 W Panel I.D.: 073010-1 Sample 1
Job No: Pl Request No:
Fiber Density (g/cc)= 1.77 Resin Density (g/cc) = 1.2 No. of Plies:
Specimen Thicknesses
Spec. thickness
Number (in)
A 0.0622
B 0.0660
C
AvgQ: 0.064
Specific Gravity Determination
Tested By:
Spec. We w Md
Number | (wt. in air) | (wt. in water)[Spec. Grav.
(X.xxxx g)| (X.xxxx g) (X.XxX)
A (1) 1.3059 0.4410 1.505
B (2) 2.0164 0.6801 1.504
Avg: 1.505
Laminate Physical Properties Determinations
Tested By:
Spec. Wc Wi F.C. R.C. i Ve Fiber Void
Number | (spec. wt.)| (Fiber wt.) [(Fiber cont.)] (Resin Cont.) | (Vol. of Fibers) [(Vol. of Comp.)| Volume Volume
(Xxxxx g) | (x.xxxx g) |(x.xx Wt.%)[ (x.xx Wt.%) (x.xxxx cm3) | (x.xxxx cm3) [(x.xx Vol.%)] (x.xx Vol.%)
A1) 1.3059 0.8359 64.0095 35.99 0.4723 0.8677 54.43 0.44
B (2) 2.0164 1.2765 63.3059 36.69 0.7212 1.3407 53.79 0.22
Awg. = 36.34 Awg. = 54.11 0.33

Wf = (Crucible & Fiber wt.) - (Crucible wt.)

R.C. =100

-F.C.

Ve =Wc / Md
Void Volume = 100 - Md*[(R.C. / Resin Density) + (F.C. / Fiber Density)]

F.C. = (Wf/ Wc) x 100
Vf = Wf/ Fiber Density
Fiber Volume = (Vf/ Vc) x 100
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Investigation of Opportunities for Lightweight Vehicles Using Advanced Plastics and Composites

Panel 073010-2 Laminate Physical Properties

Submitted By: Susan Hill Date Submitted: {12/1/2010
Program: George Washington University IFAS No. : 4238020003
Material: 2D carbon 0/+/-60 / Epon 862 W Panel I.D.: 073010-2
Job No: Pl Request No:
Fiber Density (g/cc)= 1.77 Resin Density (g/cc) = 1.2 No. of Plies:
Specimen Thicknesses
Spec. thickness
Number (in)
A 0.0590
B 0.0669
C 0.0668
Avg: 0.064
Specific Gravity Determination
Tested By:
Spec. | Wc w md
Number | (wt. in air) [ (wt. in water)[Spec. Grav.
(X.XXXX g) | (X.XXXX Q) (X.XxX)
A 1.8041 0.5853 1.484
B 1.3503 0.4717 1.532
C 1.4275 0.4987 1.532
Avg: 1.516
Laminate Physical Properties Determinations
Tested By:
Spec. Wc Wi F.C. R.C. i Vc Fiber Void
Number | (spec. wt.)| (Fiber wt.) |(Fiber cont.)] (Resin Cont.) | (Vol. of Fibers) |(Vol. of Comp.)] Volume Volume
(Xxxxx g) | (x.xxxx g) |(x.xx Wt.%)[ (x.xx Wt.%) (x.xxxx cm3) | (x.xxxx cm3) [(x.xx Vol.%)] (x.xx Vol.%)
A 1.8041 1.1791 65.3567 34.64 0.6662 1.2157 54.80 2.36
B 1.3503 0.9043 66.9703 33.03 0.5109 0.8814 57.97 -0.13
1.4275 0.9598 67.2364 32.76 0.5423 0.9318 58.20 -0.02
Awg. = 33.48 Awg. = 56.99 0.74

Wf = (Crucible & Fiber wt.) - (Crucible wt.)
R.C. =100 - F.C.

Vc =Wc / Md

F.C. = (Wf/ Wc) x 100
Vf = Wf/ Fiber Density
Fiber Volume = (Vf/ Vc) x 100
Void Volume = 100 - Md*[(R.C. / Resin Density) + (F.C. / Fiber Density)]
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Investigation of Opportunities for Lightweight Vehicles Using Advanced Plastics and Composites

Panel 073010-3 Laminate Physical Properties

Submitted By: Susan Hill Date Submitted: [{10/27/2010
Program: George Washington University IFAS No. : 4238020003
Material: 2D carbon 0/+/-60 / Epon 862 W Panel I.D.: 073010-3
Job No: Pl Request No:
Fiber Density (g/cc)= 1.77 Resin Density (g/cc) = 1.2 No. of Plies:
Specific Gravity Determination
Tested By:
Spec. Wc w md
Number | (wt. in air) [ (wt. in water)[Spec. Grav.
(X.xxxx g)| (X.xxxx g) (X.XxX)
A 1.2070 0.4184 1.526
B 1.3279 0.4553 1.517
15762 0.5481 1.528
Avg: 1.524
Laminate Physical Properties Determinations
Tested By:
Spec. Wc Wi F.C. R.C. \i Vc Fiber Void
Number | (spec. wt.)| (Fiber wt.) [(Fiber cont.)| (Resin Cont.) | (Vol. of Fibers) [(Vol. of Comp.)| Volume Volume
(XXxxX g) | (X.xxxx g) |(X.xx Wt.%)[ (x.xx Wt.%) (x.xxxx em3) | (x.xxxx cm3) [(X.xx Vol.%)| (x.xx Vol.%)
A 1.2070 0.9147 75.7829 24.22 0.5168 0.7910 65.34 3.87
B 1.3279 0.8613 64.8618 35.14 0.4866 0.8753 55.59 -0.01
C 1.5762 1.0482 66.5017 33.50 0.5922 1.0315 57.41 -0.06
Awg. = 30.95 Awg. = 59.45 1.26

Wf = (Crucible & Fiber wt.) - (Crucible wt.)
R.C. =100 - F.C.

Vc =Wc/ Md

F.C. = (Wf/ Wc) x 100
Vf = Wf/ Fiber Density
Fiber Volume = (Vf/ Vc) x 100
Void Volume = 100 - Md*[(R.C. / Resin Density) + (F.C. / Fiber Density)]
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Investigation of Opportunities for Lightweight Vehicles Using Advanced Plastics and Composites

Panel 073010-4 Laminate Physical Properties

Submitted By: Susan Hill Date Submitted: |10/27/2010
Program: George Washington University IFAS No. : 4238020003
Material: 2D carbon 0/+/-60 / Epon 862 W Panel I.D.: 073010-4
Job No: Pl Request No:
Fiber Density (g/cc) = 1.77 Resin Density (g/cc) = 1.2 No. of Plies:
Specimen Thicknesses
Spec. thickness
Number (in)
D (spec
STL094-14) 0.0632
Avg: 0.063
Specific Gravity Determination
Tested By:
Spec. We w Md
Number (wt. in air) | (wt. in water)|Spec. Grav.
(X.XXXX @) | (X.XXXX Q) (X.XXX)
A 1.1371 0.3991 1.537
B 1.5400 0.5418 1.538
C 15755 0.5542 1.538
D (spec
STL094-14) 1.0639 0.3710 1.531
Avg: 1.536
Laminate Physical Properties Determinations
Tested By:
Spec. Wce Wi F.C. R.C. Vf Ve Fiber Void
Number (spec. wt.)| (Fiber wt.) |(Fiber cont.)] (Resin Cont.) | (Vol. of Fibers) |(Vol. of Comp.)| Volume Volume
(X Xxxx g) | (X.xxxx g) [(x.xx Wt.%)[ (x.xx Wt.%) (x.xxxx cm3) | (x.xxxx cm3) [(x.xx Vol.%)| (x.xx Vol.%)
A 1.1371 0.7604 66.8719 33.13 0.4296 0.7398 58.07 -0.50
B 1.5400 0.7966 51.7273 48.27 0.4501 1.0013 44.95 -6.82
C 1.5755 0.8524 54.1035 45.90 0.4816 1.0244 47.01 -5.84
D (spec
STL094-14) 1.0639 0.6988 65.6829 34.32 0.3948 0.6949 56.81 -0.60
Aw. = 40.40 Awg. = 51.71 -4.38

Wf = (Crucible & Fiber wt.) - (Crucible wt.)
R.C. =100 - F.C.

Ve =Wc / Md

F.C. = (Wf/ Wc) x 100
Vf = Wf/ Fiber Density
Fiber Volume = (Vf/ Vc) x 100
Void Volume = 100 - Md*[(R.C. / Resin Density) + (F.C. / Fiber Density)]

SG similar for all butfiber contentis low.
Disregard for calculating normalizing factor.
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Investigation of Opportunities for Lightweight Vehicles Using Advanced Plastics and Composites

Panel 073010-5 Laminate Physical Properties

Submitted By: Susan Hill Date Submitted: {1/10/2011
Program: George Washington University IFAS No. : 4238020003
Material: 2D carbon 0/+/-60 / Epon 862 W Panel I.D.: 073010-5
Job No: Pl Request No:
Fiber Density (g/cc)= 1.77 Resin Density (g/cc) = 1.2 No. of Plies:
Specimen Thicknesses
Spec. thickness
Number (in)
A 0.0579 |SAB-6 STL095-11
B
C 0.0660 |SAB-8 STL095-15
Avg: 0.062
Specific Gravity Determination
Tested By:
Spec. Wc w md
Number | (wt. in air) [ (wt. in water)[Spec. Grav.
(X.xxxx g)| (X.xxxx g) (X.XxX)
A 1.1110 0.3820 1.520
B
C 11132 0.3795 1.512
Avg: 1.516
Laminate Physical Properties Determinations
Tested By:
Spec. Wc Wi F.C. R.C. \i Vc Fiber Void
Number | (spec. wt.)| (Fiber wt.) [(Fiber cont.)] (Resin Cont.) | (Vol. of Fibers) [(Vol. of Comp.)| Volume Volume
(Xxxxx g) | (X.xxxx g) |(X.-xx Wt.%)[ (x.xx Wt.%) (x.xxxx em3) | (x.xxxx cm3) [(X.xx Vol.%)| (x.xx Vol.%)
A 1.1110 0.7448 67.0387 32.96 0.4208 0.7309 57.57 0.68
C 1.1132 0.7214 64.8042 35.20 0.4076 0.7362 55.36 0.30
Awg. = 34.08 Awg. = 56.46 0.49

Wf = (Crucible & Fiber wt.) - (Crucible wt.)
R.C. =100 - F.C.

Vc =Wc/ Md

F.C. = (Wf/ Wc) x 100
Vf = Wf/ Fiber Density
Fiber Volume = (Vf/ Vc) x 100
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Investigation of Opportunities for Lightweight Vehicles Using Advanced Plastics and Composites

Panel 073010-5 Laminate Physical Properties

Submitted By: Susan Hill Date Submitted: {12/1/2010
Program: George Washington University IFAS No. : 4238020003
Material: 2D carbon 0/+/-60 / Epon 862 W Panel I.D.: 073010-6
Job No: Pl Request No:
Fiber Density (g/cc)= 1.77 Resin Density (g/cc) = 1.2 No. of Plies:
Specimen Thicknesses
Spec. thickness
Number (in)
A 0.0580
B 0.0652
C 0.0636
AvgQ: 0.062
Specific Gravity Determination
Tested By:
Spec. We w Md
Number | (wt. in air) [ (wt. in water)[Spec. Grav.
(X.xxxx g)| (X.xxxx g) (X.XxX)
A 1.2645 0.4433 1.535
B 1.5085 0.5207 1.522
C 1.2674 0.4387 1.525
Avg: 1.527
Laminate Physical Properties Determinations
Tested By:
Spec. Wc Wi F.C. R.C. \i Vc Fiber Void
Number | (spec. wt.)| (Fiber wt.) [(Fiber cont.)] (Resin Cont.) | (Vol. of Fibers) [(Vol. of Comp.)| Volume Volume
(XXxXxX g) | (X.xxxx g) |(X.xx Wt.%)[ (x.xx Wt.%) (x.xxxx em3) | (x.xxxx cm3) [(X.xx Vol.%)] (x.xx Vol.%)
A 1.2645 0.8356 66.0815 33.92 0.4721 0.8238 57.31 -0.70
B 1.5085 1.0094 66.9142 33.09 0.5703 0.9911 57.54 0.50
1.2674 0.8415 66.3958 33.60 0.4754 0.8311 57.21 0.09
Awg. = 33.54 Awg. = 57.35 -0.04

Wf = (Crucible & Fiber wt.) - (Crucible wt.)
R.C. =100 - F.C.

Vc =Wc/ Md

F.C. = (Wf/ Woc) x 100
Vf = Wf/ Fiber Density
Fiber Volume = (Vf/ Vc) x 100
Void Volume = 100 - Md*[(R.C. / Resin Density) + (F.C. / Fiber Density)]
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Investigation of Opportunities for Lightweight Vehicles Using Advanced Plastics and Composites

Panel 080210-6 Laminate Physical Properties

Submitted By: Stonecash Date Submitted: 9/2/2010
Program: GWU(Susan Hill) IFAS No. : 4238020003
Material: 2Dcarbon braid/862W Panel I.D.: 080210-6
Job No: CKX Pl Request No: CKX-JS-10-161
Fiber Density (g/cc)= 1.77 Resin Density (g/cc) = 1.2 No. of Plies:
Specimen Thicknesses
Spec. thickness
Number (in)
1 0.0635
2 0.0641
3 0.0618
Avg: 0.0631
Specific Gravity Determination
Tested By: Andrews
Spec. We w Md
Number | (wt. in air) | (wt. in water)| Spec. Grav.
(X.XXxX g)| (X.XXXX Q) (X.xXxx)
0.6705 0.2348 1.534
1.0695 0.3653 1.514
1.1525 0.3357 1.394
Avg: 1.481
Laminate Physical Properties Determinations
Tested By: Andrews
Spec. Wc Wi F.C. R.C. \%i Ve Fiber Void
Number | (spec. wt.)| (Fiberwt.) [ (Fiber cont.) | (Resin Cont.) [(Vol. of Fibers)|(Vol. of Comp.)| Volume Volume
(Xxxxx g) | (Xxxxx @) [ (x.xx Wt.%) | (X.xx Wt.%) [ (x.xxxx cm3) | (x.xxxx cm3) |(X.xx Vol.%)[ (x.xx Vol.%)
0.6705 0.4437 66.17 33.83 0.2507 0.4371 57.35 -0.59
1.0695 0.7228 67.58 32.42 0.4084 0.7064 57.81 1.29
1.1525 0.7424 64.42 35.58 0.4194 0.8268 50.73 7.93
Awg. = 66.06 33.94 Awg. = 55.30 2.88

Wf = (Crucible & Fiber wt.) - (Crucible wt.)
R.C. =100 - F.C.

Vc = Wc / Md

F.C. = (Wf/ Wc) x 100
Vf= Wf/ Fiber Density
Fiber Volume = (Vf/ Vc) x 100
Void Volume = 100 - Md*[(R.C. / Resin Density) + (F.C. / Fiber Density)]
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Investigation of Opportunities for Lightweight Vehicles Using Advanced Plastics and Composites

Tube Physical Properties

Submitted By: Susan Hill Date Submitted: (3/28/2011
Program: George Washington University IFAS No. : 4238020003
Material: 2D carbon 0/+/-60 / Epon 862 W Panel I.D.: STL 103-1
Job No: Pl Request No:
Fiber Density (g/cc)= 1.77 Resin Density (g/cc) = 1.2 No. of Plies:
Specimen Thicknesses
Spec. thickness
Number (in)
1 0.0785
2 0.0789
3 0.0790
Avg: 0.0788
Specific Gravity Determination
Tested By: Andrews
Spec. We w Md
Number | (wt. in air) [ (wt. in water)[Spec. Grav.
(X.xxxx g) | (X.xxxx g) (X.XxX)
0.8892 0.2819 1.460
0.9653 0.3034 1.454
0.7928 0.2641 1.495
Avg: 1.470
Laminate Physical Properties Determinations
Tested By: Andrews
Spec. Wc Wt F.C. R.C. \i Ve Fiber Void
Number | (spec. wt.)| (Fiber wt.) |(Fiber cont.)| (Resin Cont.) | (Vol. of Fibers) [(Vol. of Comp.)|] Volume Volume
(Xxxxx g) | (X.xxxx g) |(X.-xx Wt.%)[ (x.xx Wt.%) (x.xxxx ecm3) | (x.xxxx cm3) [(X.xx Vol.%)| (x.xx Vol.%)
0.8892 0.4809 54.08 45.92 0.2717 0.6090 44.61 -0.48
0.9653 0.5147 53.32 46.68 0.2908 0.6639 43.80 -0.36
0.7928 0.4819 60.78 39.22 0.2723 0.5303 51.34 -0.20
Aw. = 43.94 Awg. = 46.58 -0.35

Wf = (Crucible & Fiber wt.) - (Crucible wt.)

R.C.=100-F
Vc =Wc/ Md

.C.

Void Volume = 100 - Md*[(R.C. / Resin Density) + (F.C. / Fiber Density)]

F.C. = (Wf/ Wc) x 100
Vf = Wf/ Fiber Density
Fiber Volume = (Vf/ Vc) x 100
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Investigation of Opportunities for Lightweight Vehicles Using Advanced Plastics and Composites

Tube Physical Properties

Submitted By: Susan Hill Date Submitted: (3/28/2011
Program: George Washington University IFAS No. : 4238020003
Material: 2D carbon 0/+/-60 / Epon 862 W Panel I.D.: STL 103-2
Job No: Pl Request No:
Fiber Density (g/cc)= 1.77 Resin Density (g/cc) = 1.2 No. of Plies:
Specimen Thicknesses
Spec. thickness
Number (in)
1 0.8040
2 0.0765
3 0.7920
Avg: 0.5575
Specific Gravity Determination
Tested By: Andrews
Spec. We w Md
Number | (wt. in air) [ (wt. in water)[Spec. Grav.
(X.xxxx g) | (X.xxxx g) (X.XxX)
0.8742 0.2647 1.430
0.7638 0.2401 1.455
1.0881 0.3414 1.453
Avg: 1.446
Laminate Physical Properties Determinations
Tested By: Andrews
Spec. Wc Wt F.C. R.C. \i Ve Fiber Void
Number | (spec. wt.)| (Fiber wt.) |(Fiber cont.)| (Resin Cont.) | (Vol. of Fibers) [(Vol. of Comp.)|] Volume Volume
(Xxxxx g) | (X.xxxx g) |(X.-xx Wt.%)[ (x.xx Wt.%) (x.xxxx ecm3) | (x.xxxx cm3) [(X.xx Vol.%)| (x.xx Vol.%)
0.8742 0.4469 51.12 48.88 0.2525 0.6113 41.30 0.45
0.7638 0.4121 53.95 46.05 0.2328 0.5249 44.35 -0.18
1.0881 0.5815 53.44 46.56 0.3285 0.7489 43.87 -0.24
Aw. = 47.16 Awg. = 43.17 0.01

Wf = (Crucible & Fiber wt.) - (Crucible wt.)
R.C. =100 - F.C.

Vc =Wc/ Md

Void Volume = 100 - Md*[(R.C. / Resin Density) + (F.C. / Fiber Density)]

F.C. = (Wf/ Wc) x 100
Vf = Wf/ Fiber Density
Fiber Volume = (Vf/ Vc) x 100

- A-107 -




Investigation of Opportunities for Lightweight Vehicles Using Advanced Plastics and Composites

Tube Physical Properties

Submitted By: Susan Hill Date Submitted: (3/28/2011
Program: George Washington University IFAS No. : 4238020003
Material: 2D carbon 0/+/-60 / Epon 862 W Panel I.D.: STL 103-3
Job No: Pl Request No:
Fiber Density (g/cc)= 1.77 Resin Density (g/cc) = 1.2 No. of Plies:
Specimen Thicknesses
Spec. thickness
Number (in)
1 0.0813
2 0.0791
3 0.0821
Avg: 0.081
Specific Gravity Determination
Tested By: Andrews
Spec. We w Md
Number | (wt. in air) [ (wt. in water)[Spec. Grav.
(X.xxxx g) | (X.xxxx g) (X.XxX)
0.8869 0.2736 1.442
0.9052 0.2839 1.452
1.0175 0.3150 1.444
Avg: 1.446
Laminate Physical Properties Determinations
Tested By: Andrews
Spec. Wc Wi F.C. R.C. \i Ve Fiber Void
Number | (spec. wt.)| (Fiber wt.) |(Fiber cont.)] (Resin Cont.) | (Vol. of Fibers) [(Vol. of Comp.)] Volume Volume
(XXxXxX g) | (X.xxxx g) |(X.-xx Wt.%)[ (x.xx Wt.%) (x.xxxx ecm3) | (x.xxxx cm3) [(X.xx Vol.%)| (x.xx Vol.%)
0.8869 0.4536 51.14 48.86 0.2563 0.6150 41.67 -0.37
0.9052 0.4822 53.27 46.73 0.2724 0.6234 43.70 -0.24
1.0175 0.5289 51.98 48.02 0.2988 0.7046 42.41 -0.19
Awg. = 47.87 Awg. = 42.59 -0.27

Wf = (Crucible & Fiber wt.) - (Crucible wt.)
R.C. =100 - F.C.

Vc =Wc/ Md

Void Volume = 100 - Md*[(R.C. / Resin Density) + (F.C. / Fiber Density)]

F.C. = (Wf/ Wc) x 100
Vf = Wf/ Fiber Density
Fiber Volume = (Vf/ Vc) x 100

- A-108 —




Investigation of Opportunities for Lightweight Vehicles Using Advanced Plastics and Composites

Tube Physical Properties

Submitted By: Susan Hill Date Submitted: (3/28/2011
Program: George Washington University IFAS No. : 4238020003
Material: 2D carbon 0/+/-60 / Epon 862 W Panel I.D.: STL 103-4
Job No: Pl Request No:
Fiber Density (g/cc)= 1.77 Resin Density (g/cc) = 1.2 No. of Plies:
Specimen Thicknesses
Spec. thickness
Number (in)
1 0.0790
2 0.0803
3 0.0850
Avg: 0.0814
Specific Gravity Determination
Tested By: Andrews
Spec. We w Md
Number | (wt. in air) [ (wt. in water)[Spec. Grav.
(X.xxxx g) | (X.xxxx g) (X.XxX)
0.8974 0.2532 1.456
0.9443 0.2947 1.449
1.3158 0.4001 1.433
Avg: 1.446
Laminate Physical Properties Determinations
Tested By: Andrews
Spec. Wc Wt F.C. R.C. \i Ve Fiber Void
Number | (spec. wt.)| (Fiber wt.) |(Fiber cont.)| (Resin Cont.) | (Vol. of Fibers) [(Vol. of Comp.)|] Volume Volume
(Xxxxx g) | (X.xxxx g) |(X.-xx Wt.%)[ (x.xx Wt.%) (x.xxxx ecm3) | (x.xxxx cm3) [(X.xx Vol.%)| (x.xx Vol.%)
0.8974 0.4840 53.93 46.07 0.2734 0.6163 44.37 -0.26
0.9443 0.5029 53.26 46.74 0.2841 0.6517 43.60 -0.04
1.3158 0.6620 50.31 49.69 0.3740 0.9182 40.73 -0.07
Awg. = 47.50 Awg. = 42.90 -0.12

Wf = (Crucible & Fiber wt.) - (Crucible wt.)

R.C.=100-F
Vc =Wc/ Md

.C.

Void Volume = 100 - Md*[(R.C. / Resin Density) + (F.C. / Fiber Density)]

F.C. = (Wf/ Wc) x 100
Vf = Wf/ Fiber Density
Fiber Volume = (Vf/ Vc) x 100
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Investigation of Opportunities for Lightweight Vehicles Using Advanced Plastics and Composites

Tube Physical Properties

Submitted By: Susan Hill Date Submitted: (3/28/2011
Program: George Washington University IFAS No. : 4238020003
Material: 2D carbon 0/+/-60 / Epon 862 W Panel I.D.: STL 103-5
Job No: Pl Request No:
Fiber Density (g/cc)= 1.77 Resin Density (g/cc) = 1.2 No. of Plies:
Specimen Thicknesses
Spec. thickness
Number (in)
1 0.0751
2 0.0684
3 0.0764
Avg: 0.0733
Specific Gravity Determination
Tested By: Andrews
Spec. we. w Md
Number | (wt. in air) [ (wt. in water)[Spec. Grav.
(X.xxxx g) | (X.xxxx g) (X.XxX)
0.8513 0.2691 1.457
0.6940 0.2307 1.493
0.7724 0.2452 1.461
Avg: 1.470
Laminate Physical Properties Determinations
Tested By: Andrews
Spec. Wc Wi F.C. R.C. \i Ve Fiber Void
Number | (spec. wt.)| (Fiber wt.) |(Fiber cont.)] (Resin Cont.) | (Vol. of Fibers) [(Vol. of Comp.)] Volume Volume
(XXxXxX g) | (X.xxxx g) |(X.-xx Wt.%)[ (x.xx Wt.%) (x.xxxx ecm3) | (x.xxxx cm3) [(X.xx Vol.%)| (x.xx Vol.%)
0.8513 0.4639 54.49 45.51 0.2621 0.5843 44.86 -0.11
0.6940 0.4173 60.13 39.87 0.2358 0.4648 50.72 -0.32
0.7724 0.4221 54.65 45.35 0.2385 0.5287 45.11 -0.32
Aw. = 43.58 Awg. = 46.89 -0.25

Wf = (Crucible & Fiber wt.) - (Crucible wt.)

R.C.=100-F
Vc =Wc/ Md

.C.

Void Volume = 100 - Md*[(R.C. / Resin Density) + (F.C. / Fiber Density)]

F.C. = (Wf/ Wc) x 100
Vf = Wf/ Fiber Density
Fiber Volume = (Vf/ Vc) x 100
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Tube Physical Properties

Submitted By: Susan Hill Date Submitted: (4/19/2011
Program: George Washington University IFAS No. : 4238020003
Material: 2D carbon 0/+/-60 / Epon 862 W Panel I.D.: STL 103-6
Job No: Pl Request No:
Fiber Density (g/cc)= 1.77 Resin Density (g/cc) = 1.2 No. of Plies:
Specimen Thicknesses
Spec. thickness
Number (in)
1 0.0825
2 0.0782
3 770.0000
Avg: 256.7202
Specific Gravity Determination
Tested By: Andrews
Spec. We w Md
Number | (wt. in air) [ (wt. in water)[Spec. Grav.
(X.xxxx g) | (X.xxxx g) (X.XxX)
1.3754 0.4232 1.440
0.9175 0.2783 1.432
1.0152 0.3182 1.452
Avg: 1.441
Laminate Physical Properties Determinations
Tested By: Andrews
Spec. Wc Wt F.C. R.C. \i Ve Fiber Void
Number | (spec. wt.)| (Fiber wt.) |(Fiber cont.)| (Resin Cont.) | (Vol. of Fibers) [(Vol. of Comp.)|] Volume Volume
(Xxxxx g) | (X.xxxx g) |(X.-xx Wt.%)[ (x.xx Wt.%) (x.xxxx ecm3) | (x.xxxx cm3) [(X.xx Vol.%)| (x.xx Vol.%)
1.3754 0.7442 54.11 45.89 0.4205 0.9551 44.02 091
0.9175 0.4986 54.34 45.66 0.2817 0.6407 43.97 1.55
1.0152 0.6080 59.89 40.11 0.3435 0.6992 49.13 2.34
Awg. = 43.89 Awg. = 45.71 1.60

Wf = (Crucible & Fiber wt.) - (Crucible wt.)
R.C. =100 - F.C.

Vc =Wc/ Md

Void Volume = 100 - Md*[(R.C. / Resin Density) + (F.C. / Fiber Density)]

F.C. = (Wf/ Wc) x 100
Vf = Wf/ Fiber Density
Fiber Volume = (Vf/ Vc) x 100
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Tube Physical Properties

Submitted By: Susan Hill Date Submitted: (4/19/2011
Program: George Washington University IFAS No. : 4238020003
Material: 2D carbon 0/+/-60 / Epon 862 W Panel I.D.: STL 103-7
Job No: Pl Request No:
Fiber Density (g/cc)= 1.77 Resin Density (g/cc) = 1.2 No. of Plies:
Specimen Thicknesses
Spec. thickness
Number (in)
1 0.0820
2 0.0778
3 0.0754
Avg: 0.0784
Specific Gravity Determination
Tested By: Andrews
Spec. We w Md
Number | (wt. in air) [ (wt. in water)[Spec. Grav.
(X.xxxx g) | (X.xxxx g) (X.XxX)
12711 0.3909 1.440
1.0283 0.2935 1.395
0.9334 0.2873 1.440
Avg: 1.425
Laminate Physical Properties Determinations
Tested By: Andrews
Spec. Wc Wt F.C. R.C. \i Ve Fiber Void
Number | (spec. wt.)| (Fiber wt.) |(Fiber cont.)| (Resin Cont.) | (Vol. of Fibers) [(Vol. of Comp.)|] Volume Volume
(Xxxxx g) | (X.xxxx g) |(X.-xx Wt.%)[ (x.xx Wt.%) (x.xxxx ecm3) | (x.xxxx cm3) [(X.xx Vol.%)| (x.xx Vol.%)
1.2711 0.6914 54.39 45.61 0.3906 0.8827 44.25 1.02
1.0283 0.4940 48.04 51.96 0.2791 0.7371 37.86 1.73
0.9334 0.5225 55.98 44.02 0.2952 0.6482 45.54 1.63
Aw. = 47.20 Awg. = 42.55 1.46

Wf = (Crucible & Fiber wt.) - (Crucible wt.)
R.C. =100 - F.C.

Vc =Wc/ Md

Void Volume = 100 - Md*[(R.C. / Resin Density) + (F.C. / Fiber Density)]

F.C. = (Wf/ Wc) x 100
Vf = Wf/ Fiber Density
Fiber Volume = (Vf/ Vc) x 100
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Tube Physical Properties

Submitted By: Susan Hill Date Submitted: (4/19/2011
Program: George Washington University IFAS No. : 4238020003
Material: 2D carbon 0/+/-60 / Epon 862 W Panel I.D.: STL 103-8
Job No: Pl Request No:
Fiber Density (g/cc)= 1.77 Resin Density (g/cc) = 1.2 No. of Plies:
Specimen Thicknesses
Spec. thickness
Number (in)
1 0.0810
2 0.0802
3 0.7790
Avg: 0.3134
Specific Gravity Determination
Tested By: Andrews
Spec. We w Md
Number | (wt. in air) [ (wt. in water)[Spec. Grav.
(X.xxxx g) | (X.xxxx g) (X.XxX)
1.4385 0.4406 1.437
0.9300 0.2889 1.447
1.0813 0.3335 1.442
0.3335 1.442
Laminate Physical Properties Determinations
Tested By: Andrews
Spec. Wc Wt F.C. R.C. \i Ve Fiber Void
Number | (spec. wt.)| (Fiber wt.) |(Fiber cont.)| (Resin Cont.) | (Vol. of Fibers) [(Vol. of Comp.)|] Volume Volume
(Xxxxx g) | (X.xxxx g) |(X.-xx Wt.%)[ (x.xx Wt.%) (x.xxxx ecm3) | (x.xxxx cm3) [(X.xx Vol.%)| (x.xx Vol.%)
1.4385 0.7850 54.57 45.43 0.4435 1.0010 44.30 1.29
0.9300 0.5115 55.00 45.00 0.2890 0.6427 44.96 0.77
1.0813 0.5907 54.63 45.37 0.3337 0.7499 44.51 0.97
Aw. = 45.27 Awg. = 44,59 1.01

Wf = (Crucible & Fiber wt.) - (Crucible wt.)

R.C. =100 - F.C.
Vc =Wc/ Md

F.C. = (Wf/ Wc) x 100
Vf = Wf/ Fiber Density
Fiber Volume = (Vf/ Vc) x 100
Void Volume = 100 - Md*[(R.C. / Resin Density) + (F.C. / Fiber Density)]
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Tube Physical Properties

Submitted By: Susan Hill Date Submitted: (4/19/2011
Program: George Washington University IFAS No. : 4238020003
Material: 2D carbon 0/+/-60 / Epon 862 W Panel I.D.: STL 103-9
Job No: Pl Request No:
Fiber Density (g/cc)= 1.77 Resin Density (g/cc) = 1.2 No. of Plies:
Specimen Thicknesses
Spec. thickness
Number (in)
1 0.0800
2 0.0801
3 0.0788
Avg: 0.0796
Specific Gravity Determination
Tested By: Andrews
Spec. We w Md
Number | (wt. in air) [ (wt. in water)[Spec. Grav.
(X.xxxx g) | (X.xxxx g) (X.XxX)
1.3359 0.4175 1.450
0.9374 0.2871 1.437
0.9454 0.2893 1.437
Avg: 1.441
Laminate Physical Properties Determinations
Tested By: Andrews
Spec. Wc Wi F.C. R.C. \i Ve Fiber Void
Number | (spec. wt.)| (Fiber wt.) |(Fiber cont.)] (Resin Cont.) | (Vol. of Fibers) [(Vol. of Comp.)] Volume Volume
(XXxXxX g) | (X.xxxx g) |(X.-xx Wt.%)[ (x.xx Wt.%) (x.xxxx ecm3) | (x.xxxx cm3) [(X.xx Vol.%)| (x.xx Vol.%)
1.3359 0.7676 57.46 42.54 0.4337 0.9213 47.07 1.53
0.9374 0.5105 54.46 45.54 0.2884 0.6523 44.21 1.25
0.9454 0.5082 53.76 46.24 0.2871 0.6579 43.64 0.98
Awg. = 44.78 Awg. = 44.98 1.25

Wf = (Crucible & Fiber wt.) - (Crucible wt.)

R.C.=100-F
Vc =Wc/ Md

.C.

Void Volume = 100 - Md*[(R.C. / Resin Density) + (F.C. / Fiber Density)]

B-19

F.C. = (Wf/ Wc) x 100
Vf = Wf/ Fiber Density
Fiber Volume = (Vf/ Vc) x 100
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APPENDIX C
SELECTED PANEL LAYOUTS

Sections used for fiber content analyses are labeled AD
Sections for photomicrographs are identified with a number and a directional arrow
indicating the mount surface
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APPENDIX D
SAMPLE PHOTOMICROGRAPHS OF PANEL CROSS-SECTIONS AT 50X
PHOTOMICROGRAPHS OF TUBE CROSS-SECTIONS AT 25X
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PANEL 072910-1 AXIAL
GW 072910_1 Axial @ 50x_3
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PANEL 073010-1 AXIAL
PMG073010_A_1 (50x)
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PANEL 073010-3 AXIAL
PMG073010_A_3 (50x)

PANEL 073010-3 TRANSVERSE
073010_3 PMG2 T (50x)

- A-127 -



Investigation of Opportunities for Lightweight Vehicles Using Advanced Plastics and Composites
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PANEL 080210-6 AXIAL
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TUBE CROSS-SECTIONS AT 25X

STL103-1 AXIAL

STL103-1 TRANSVERSE

STL103-2 AXIAL

STL103-2 TRANSVERSE

STL103-3 AXIAL
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STL103-3 TRANSVERSE

STL103-4 AXIAL

STL103-4 TRANSVERSE

STL103-5 AXIAL
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D-12

- A-133 -



Investigation of Opportunities for Lightweight Vehicles Using Advanced Plastics and Composites

APPENDIX E
UNIT CELL MEASUREMENTS AND LOCATIONS
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Notes: All measurements in units of millimeters; sub 1is left most or top most as image is oriented, sub 2 is right most or lowest measurement as
image is oriented.
Sub panel # is completely arbitrary and relates to separate pieces from same panel ID; number corresponds to sequence in which it was imaged.

Panel ID

072910-1 Sub panel#

N/A 1 2 3
Hy H, W, W, Hy Hy W, W, Hy H, Wi W,
5.4 5.1 18.1 18.2 5.1 5.2 17.9 18.4 5.4 5.5 18.3 18.7

073010-1 Sub panel#

1 1 2 3
H, H, W, W, Hy H, W, W, H, H W, W.
5.3 5.0 17.0 17.7 5.3 5.4 18.4 18.0 4.9 5.5 16.6 16.7

073010-1 Sub panel#

2 1 2
Hy Hy W,y W, Hy Hy W, W,
5.3 5.3 17.1 17.5 5.4 5.3 18.4 18.5

073010-2 Sub panel#

1 1
Hy H, W,y W,
5.3 5.5 183 18.2

073010-2 Sub panel#

2 1
Hi Hy W, W,
5.0 5.1 18.0 18.2

073010-2 Sub panel#

3 1
Hy H, W,y W,
4.9 5.6 17.1 17.6

073010-3 Sub panel#

1 1 2
Hy H, W, W, H, H, W, W,
5.0 5.3 17.3 17.4 5.3 5.2 18.4 18.5

073010-3 Sub panel#

2 1 2
H, Hy W, W, Hy Hy W, W,
5.3 6.0 18.2 18.1 5.1 5.6 17.9 17.9

073010-4 Sub panel#

1 1 2
Hy H, W, W, H; H, W, W,
5.3 5.0 18.3 18.3 5.2 5.4 17.5 17.6

073010-4 Sub panel#

2 1 2
H, H, W, W, Hy Hy W, W,
5.1 5.2 18.2 17.7 4.9 5.1 17.5 173

073010-5 Sub panel#

1 1 2
Hy H, W, W, Hy H, W, W,
4.8 5.3 17.7 18.3 5.4 5.1 18.2 18.8

073010-5 Sub panel#

2 3 4
Hy H, W, W, Hy H, W, W,
5.0 5.3 18.6 18.4 5.0 5.3 18.4 17.4

073010-6 Sub panel#

1 1 2 3
H, H, W, W, Hy H, W, W, H, H W, W.
5.5 5.4 16.9 17.5 5.5 5.4 18.4 18.7 5.4 5.5 18.5 17.9

073010-6 Sub panel#

2 1 2
Hy H, W, W, Hy Hy W, W,
5.1 5.3 17.7 17.6 5.4 5.3 17.2 17.3
080210-6 Sub panel#
N/A 1 2 3
Hy H, W, W, Hy H, W, W, H, H W, W,
4.9 5.0 17.5 18.4 4.8 5.0 18.2 18.2 5.4 5.3 18.0 18.3
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PANEL 072910-1
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PANEL 073010-2
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PANEL 073010 6
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PANEL 080210-6
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APPENDIX F
BOWTIE TENSILE SPECIMENS AND FIXTURE DRAWINGS
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BOWTIE AXIAL TENSION SPECIMEN
British units

b=+ 1. 455
NOTE: 0 DEGREE ORIENTED FIBERS
LIE VERTICAL .
PLCIHEN N, EQU IRED
0 DEGREE FIBER ORIENTATION 2DTRIANIAL BRAID
FARALLEL TO RDTCH CC CARBON FIBER PANEL

SCALE ; 0.793  TYPE @ PART  MANWE : SUFSFA? SIJE @ &
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BOWTIE AXIAL TENSILE FIXTURE
British units
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TRANSVERSE TENSILE BOWTIE SPECIMEN
British units
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BOWTIE TRANSVERSE TENSILE FIXTURE
British units
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APPENDIX G
COMPRESSION SPECIMEN AND FIXTURE DRAWINGS

G-1
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INITIAL COMPRESSION SPECIMEN - AXIAL

25400 #—J*——‘f 12,700 —=if= 1 651

COMP SPECIMEN

FINAL COMPRESSION SPECIMEN - BOTH ORIENTATIONS
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COMPRESSION FIXTURE - AXIAL ORIENTATION
British units

TYPE ; PART NAME
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APPENDIX H
SHEAR SPECIMEN AND FIXTURE DRAWINGS

H-1
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SHEAR SPECIMEN - AXIAL
Shearing across 0° fibers
Metric units
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SHEAR FIXTURE — AXIAL ORIENTATION
British units
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SHEAR SPECIMEN- TRANSVERSE ORIENTATION
Shear across bias fibers
Metric Units

G160
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SHEAR FIXTURE- TRANSVERSE ORIENTATION
British Units

[F &l FOR g3l
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2 REGQUIRED
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Investigation of Opportunities for Lightweight Vehicles Using Advanced Plastics and Composites

LOW SPEED SYSTEM
LVDT CALIBRATION
UDRI Structural Test Laboratory

443 Displacerrent Trarsducer Calibration Sheet Cat.\ltemNurber 02/59
Machine Nurrber 37 Calibration Date 12-Jan-10 Tenp / Humidity 74F/39 % Performed by R Glett
Transducer Type/Capacity LVDT/+-2.5" Transducer Conditioner  MTS 494.26 DUC 52-J1B AC Readout  Station Manager
Manufacturer G.L.Callins Serial Nurrber 02050005 Mfgr MTS
Model Nunber AB453 p/n 390751-03L Cage Factor See range Mode:Gair/Delta K Model#  494.04 Hextest 40
Serial Nunber 548262 Bcitation \Wltage 10 Serial # 020414198
Allowable tolerance:  1.0% of Standard value Condition Rec'd./Ret'd: Good/Good Cal.Spec#: MTS494.26CalProc.
Conmrents: From CSC 140C Console Computer Dell 4FDZ2B1 RC10861
Standard Data Ivdit.scf Rangel: 5 in. =V. full scale 10 Cal Value:

%of Transducer Readings Standard Readings YoErTor
Full Scale | Pre-Cal Post-Cal | Applied | Reading Pre-Cal | Post-Cal
Standard Used for This Range 1724 Dial Indicator Std. -66% -3.2960 -3.2960)] -3.285 -3.285] 0.33] 0.33
Standard Type Starrett 255041 -60% -3.0017] -3.0017] -3.000] -3.000 0.06] 0.06)
Standard Capacity 0-5.000" 50% -2.4951] -2.4951] -2.500 -2.500 -0.20] -0.20
Standard Serial Nunber 25-5041) -A40% -1.9905 -1.9905] -2.000 -2.000| -0.48| -0.48
Standard Calibration Data 23-Mar-09 wB&S Gage Blocks -30% -1.4918] -1.4918] -1.500] -1.500] -0.55) -0.55
Standard Readout Meter Set F39 -20% -.9944 -.9944 -1.000] -1.000| -0.56] -0.56|
Standard Readout Meter SN -10% -.4982] -.4982] -.500] -.500] -0.36] -0.36|
Comrents Gain= .9025x  1.27043 = 1.14656 % 0000 .0000] .000| .000| #DIV/O! #DIV/O!
DK= 1.0000 Phase= 60 10% .4982) .4982] .500] .500) -0.36] -0.36]
Bc/AHz= 10.00\10kHz [ 20% .9972] .9972] 1.000] 1.000] -0.28} -0.28
Polarity=_nomal __ \alvePol= _invert. | 0% 14964 14964 1500 1.500 0.24 0.24
zZf= 0.613| 40% 1.9965 1.9965| 2.000| 2.000] -0.18] -0.18
50% 2.4992] 2.4992] 2.500 2.500] -0.03] -0.03
60% 2.9979 2.9979 3.000| 3.000] -0.07] -0.07]
3.3140] 3.3140] 3.310] 3.310 0.12) 0.12]
Standard Data Idit2.scf Rane 2 : 2.5in. =V. full scale 10 Cal Value:
%of Transducer Readings Standard Readings YoErTor
Full Scale | Pre-Cal Post-Cal | Applied | Reading Pre-Cal Post-Cal
Standard Used for This Range 1724 -100% -2.50730] -2.50730| -2.50000| -2.50000]| 0.29] 0.29
Standard Type Starrett 25-5041 -80% -2.00090] -2.00090| -2.00000| -2.00000| 0.05| 0.05
Standard Capacity 0-5000" -60% -1.49960[ -1.49960| -1.50000| -1.50000 -0.03 -0.03
Standard Serial Nunber 25-5041) -40% -.99990) -.99990| -1.00000| -1.00000| -0.01 -0.01
Standard Calibration Data 23-Mar-09 WB&S Gage Blocks -20% -.50090 -50090| -.50000] -.50000| 0.18 0.18|
Standard Readout Meter Set F39 % 00000 .00000|  .00000| .00000[ #DIV/O! [ #DIV/O!
Standard Readout Meter SN 20% 50010 .50010] 50000 .50000 0.02] 0.02|
Conments Gain= 1.7195x 1.33114 = 2.28889 40% 99990 .99990| 1.00000f 1.00000 -0.01] -0.01
DK= 0.9966 Phase= 49 60% 1.49970 1.49970] 1.50000] 1.50000| -0.02] -0.02]
Bc/AHz=_10.00\10kHz 7= q 0% 2.00020[  2.00020] 2.00000[ 2.00000 0.01] 0.01]
Polarity=_nomal _ \alvePol.= invert. [ [ 100% 250330 2.50830] 2.50000| 2.50000 0.13] 0.13
Standard Data hat3.scf Range3: 1in. =V. full scale 10 Cal Value:
%of Transducer Readings Standard Readings YoErTor
Full Scale | Pre-Cal Post-Cal | Applied | Reading Pre-Cal Post-Cal
Standard Used for This Range 1N24 -100% -1.0010 -1.0010 -1.000 -1.000| 0.10] 0.10
Standard Type Starrett 255041 -80% -.8012)] -.8012] -.800 -.800 0.15] 0.15
Standard Capacity 0-5.000" -60% -.6017 -.6017| -.600] -.600 0.28 0.28
Standard Serial Nurrber 25-5041J -40% -.4016 -.4016] -.400 -.400] 0.40] 0.40
Standard Calibration Data 23-Mar-09 wB&S Gage Blocks -20% -.2017| -.2017] -.200 -.200 0.85] 0.85
Standard Readout Meter Set F39 (&) .0000] .0000] .000] .000 #DIV/O! #DIV/O!
Standard Readout Meter N 2% .2003] .2003 .200] .200| 0.15 0.15
Conmments Gain= 3.249x 176449 = 5.73281 40% .4002) .4002] 400 .400) 0.05f 0.05
DK= 0.9959 Phase= 49 60% .6004] .6004] .600] .600) 0.07 0.07]
Bc/Az=_10.00\10kHz Zf= q 0% .8001] .8001] .800 .800 0.01] 0.01]
Polarity=_nomal _ \alvePol.= invert. [ [ 100% 10000  1.0000] 1000 1.000 0.00 0.00
Standard Data hait4.scf Rangg 4 : 0.5 in. =V. full scale 10 Cal\Vadlue: NA
%of Transducer Readings Standard Readings YoError
Full Scale | Pre-Cal Post-Cal | Applied | Reading Pre-Cal Post-Cal
Standard Used for This Range 17/24 Dial Indicator Std. -100% -.49913] -.49913] -.5000)] -.5000) -0.17| -0.17]
Standard Type Starrett25-5041 -80% -.39974] -.39974] -.4000 -.4000| -0.07] -0.07]
Standard Capacity .000-5.000 -60% -.30046] -.30046] -.3000] -.3000| 0.15] 0.15
Standard Serial Nurrber 25-5041J -40% -.20055] -.20055] -.2000] -.2000| 0.28] 0.28
Standard Calibration Data 23-Mar-09 wB&S Gage Blocks -20% -.10016| -.10016] -.1000] -.1000| 0.16 0.16]
Standard Readout Meter Set F39 0% .00000 .00000 .0000] .0000[ #DIV/O! [ #DIV/O!
Standard Readout Meter /N 20% .09978} .09978 .1000] .1000] -0.22] -0.22]
Commrents Gain= 6.2320x 1.83981 = 11.4675 40% 20023 .20023 .2000] .2000] 0.11 0.11
DK= 0.9992 Phase= 49 60% 30025 .30025 .3000] .3000)] 0.08] 0.08
Be./AHz=_10.0010kHz Zf= q 0% 40015 40015 4000 .4000] 0.04 0.04
Polarity=_nomml __ \alvePol.= invert. | | 100% .49987| .49987} 5000} .5000 0.03] -0.03
Notes:  Only range 1 was prevously calibrated by MTS.
Restrictions: For UDRI use only.
Analysis:  Range was within 1% required tolerance.
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Investigation of Opportunities for Lightweight Vehicles Using Advanced Plastics and Composites

LOW SPEED SYSTEM
LOAD CELL CALIBRATION
UDRI Structural Test Laboratory

a4 Load Transducer Calibration Sheet Cat\ltemNunber ‘0353
Machine Number 37 Calibration Date 12-Jan-10 Tenp / Hunridity 7TAF/39% Performred by R Glett
Transducer Type/Capacity Load cell/+-22000# | Transducer Conditioner MTS494.26 DUC DC HexTest 40 [Readout Hextest 40
Manufacturer MTS Serial Nurrber 02050005 Mifgr MTS
Model Nurber 661.20E - 03 Gage Factor Seerange Gain/Delta K Mode Model # 494.04
Serial Nunrber V90922 BExcitation \bltage 10.000 Vdc. Serial # 02041419B
Allowable tolerance: 1% of Standard value Condition Rec'd/Retd: ~ good Cal.Spec.#:  MTS494.26 dc cond.
Conments FromCSC 140C Console  Computer Dell 4FDZ2B1 RC10861 Cal. Procedure
Standard Data Rangg: 20000 Ibs. ( 1) =V. full scale 10 Cal Value:

Std. Shunt 60kOhms -60570 % of Transducer Readings Standard Readings YoETor
60270 Full Scale | Pre-Cal Post-Cal | Applied | Reading Pre-Cal | Post-Cal
Standard Used for This Range Load cell std. 17/06 -100% -20028| -20028| -20000| -50082.3 0.14] 0.14
Standard Type Eaton Lebow 3156-100k -80% -16022 -16022 -16000[ -40081.8 0.14] 0.14
Standard Capacity +-100000# -60% -12013| -12013| -12000| -30074.7 0.11] 0.1
Standard Serial Nunber 2905 -40% -8005] -8005] -8000| -20061.0] 0.06] 0.04
Standard Calibration Data 12-Jan-09 Morehouse Inst. -20% -3986 -3986 -4000| -10040.8] -0.35 -0.35
Standard Readout Meter Eaton Lebow 7530 % [8) 0O (¢ 0.0 #DIV/O! | #DIV/O!
Standard Readout Meter S/N 1924 20% 3990 3990 4000 9980.6] -0.25 -0.25
Comrents Gain= 285.98 x 1.75579 = 502.12205 4% 7987 7987 8000 19971.5| -0.16 -0.14
ValvePol= Invert Polarity=__nomal 60% 11991 11991 12000 29964.7] -0.08| -0.08
Delta K= 0.9991 Zc= -0.0061 80% 15990 15990 16000 39960.1] -0.06| -0.09
Excit.= 10.000 Zf= 0.000 100% 19990 19990 20000|  49957.7| -0.05 -0.09
Standard Data Range: 10000 Ibs. (2) =V/. full scale 10 Cal Value:
%of Transducer Readings Standard Readings YeETor
Full Scale | Pre-Cal Post-Cal | Applied Reading Pre-Cal Post-Cal
Standard Used for This Range Load cell std. 17/01 -100% -10008 -10003 -10000[ -10025.6 0.08 0.03
Standard Type Lebow 3157 -80% -8003 -8003 -8000) -8019.9 0.04] 0.04
Standard Capacity + 10000 Lb. -60% -6000 -6000 -6000 -6014.4 0.00 0.00
Standard Serial Nuntber 696 -40% -3998 -3998 -4000] -4009.0 -0.05] -0.05
Standard Calibration Data 21-Now07 Morehouse Inst. -20% -1999 -1999 -2000| -2003.8| -0.05 -0.09
Standard Readout Meter Doric DS300-T2-07-08-21 0% 0 0 0 0.0 #DIV/O! #DIV/O!
Standard Readout Meter /N 60407 2% 1996 1996 2000 1999.8 -0.20 -0.20
Conmments Gain= 540.36 x 1.85918 = 1004.6267 40% 3994 3994 4000 4001.6 -0.15 -0.15
ValvePol= Invert Polarity="nomal 60% 5996 5996 6000 6005.2) -0.07| -0.07]
Delta K= 10010 8% 7999 7999 8000 8010.6 -0.01 -0.01
Excit.= 10 Zf= 0 100% 10001 10001, 10000 10017.8] 0.01 0.0
Standard Data Rance: 5000 Ibs. (3) =V. full scale 10 Cal Value:
%of Transducer Readings Standard Readings YoETor
Full Scale | Pre-Cal Post-Cal | Applied Reading Pre-Cal Post-Cal
Standard Used for This Range Load cell std. 17/01 -100% -5002 -5002] -5000 -5011.7| 0.04] 0.04
Standard Type Lebow 3157 -80% -4000] -4000 -4000 -4000.0 0.00 0.00
Standard Capacity + 10000 Lb. -60% -2999 -2999 -3000] -3006.4 -0.03| -0.03
Standard Serial Nurrber 6% -40% -1998 -1998 -2000| -2003.8| -0.10 -0.19
Standard Calibration Data 21-Now07 Morehouse Inst. -20% -996 -996] -1000] -1001.2 -0.40 -0.40
Standard Readout Meter Doric DS300-T2-07-08-21 0% 0| 0O (¢ 0.0 #DIV/O! [ #DIV/O!
Standard Readout Meter /N 60407 2% 997 997 1000 990.6| -0.30 -0.39
Coments Gain= 1036.48 x 1.93694 = 2007.6022 40% 1997 1997 2000 1999.8] -0.15 -0.15
ValvePol=Invert Polarity=__nomal 60% 2997 2997 3000 3000.5| -0.10 -0.19
Delta K= 1.0027 80% 3999 3999 4000 4001.6 -0.02} -0.02
Excit.= 10 Zf= 0 100% 5001, 5001 5000 5003.2} 0.02 0.02
Standard Data Rangg: 2500 lbs. (4) =V. full scale 10 Cal Value:
% of Transducer Readings Standard Readings YeETor
Full Scale |  Pre-Cal Post-Cal | Applied Reading Pre-Cal Post-Cal
Standard Used for This Range Load cell std. 17/26 -100% -2511.3 -2511.3 -2500 -16.590 0.45 0.45
Standard Type Sensotec 47/8587-07 -01 -80% -2009.3 -2000.3} -2000| -13.264 0.47| 0.47]
Standard Capacity 3000 # -60% -1507.6 -1507.6| -1500| -9.942) 0.51/ 0.5]]
Standard Serial Nurmber 747474 -40% -1004.3 -1004.3 -1000] -6.625 0.43 0.43
Standard Calibration Data 11-Sep-08 Moehouse Inst. -20% -500.3 -500.3] -500] -3.311] 0.06 0.04
Standard Readout Meter HP 34401A % 0.0| 0.0| 0| 0.000[ #DIV/O! | #DIV/O!
Standard Readout Meter /N 3146A33095 20% 499.5 490.5 500 3.307] -0.10 -0.10
Conmments Gain= 1805.95x 2.22901 = 4025.4896 A% 1000.2 1000.2) 1000 6.611] 0.02] 0.02
ValvePol= Invert Polarity=nomal Filter 60% 1498.7| 1498.7| 1500 9.915] -0.09 -0.09
Delta K= 10024 Zc= 8% 1999.9 1999.9 2000 13.220 0.00 0.00
Excit.= 10 zf= 0 100% 2500.3] 2500.3 2500 16.524 0.01/ 0.01
Notes: First Cal in our lab
Restrictions: Reproduceable for UDRI use only.
Analysis:  Within the 1% required tolerance.
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LOW SPEED SYSTEM ALIGNMENT
Alignment for George Washington University

Gages Used : CEA-06-125UWA120
Gage Factor : 2.095

Crientation 1| Front Crientation 2| Back Crientation 3|BFF Crientation 4|BBF
Load |Gl G2 G3 Gl G2 G3 Gl G2 G3 Gl G2 G3
0 0 0 0 ] o 0 0 o 0 0 0 0
500 425| 420] 473 409 429 470 415 399 466 432| 401] 465
1000 880| 855 927 863 869 946 869 841 935 871 835 927
1500, 1312 1301| 1385 1328| 1315 1401 1320| 1290, 1399 1337| 1296| 1409
2000| 1755| 1745| 1805 1767| 1750| 1860 1770[ 1739 1853 1775| 1750| 1857
2500] 2219 2166| 2290 2210| 2192| 2309 2207| 2176| 2305 2227| 2148| 2297
3000| 2670| 2610| 2728 2667| 2626| 2740 2647| 2621| 2750 2669 2607| 2738
3500 3125| 3015| 3183 3119| 3075| 3196 3093 3063| 3198 3106/ 3070| 3190
4000| 3566| 3473| 3638 3554| 3508| 3655 3540| 3502| 3635 3563 3506/ 3630
Sum | 15952| 15585| 16429 15917|15764| 16577 15861 15631, 16541 15980| 15613| 16513
E oe | 16099 16209 16144 16155
Byos -2.05 -2.27 -2.46 -2.22
B,o, -3.04 -1.26 -1.9 -3.03
-4
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Investigation of Opportunities for Lightweight Vehicles Using Advanced Plastics and Composites

LOW SPEED SYSTEM EQUIPMENT LIST-SETUP 1

Testing Equipment Information

GeorgeWashingtonUniv__ DIC 4238020003
Testing laboratory: KL-22 Point of contact: John Chumack
Telephone/Fax: 937-229-4426 Address:

Test machine information

Manufacturer: MTS 810 2 Poster Frame #37 Manufacturer's reference number: Flex Test Station # 37

Maximum capacity (test machine): 20 Kip Machine type (seno-hydraulic / seno-€electric). S-H

Maximum capacity (load cell): 20K range Method of data acquisition: Flex Test Peak Detectors_DIC

Range load cell used: LC #90922 = 22kip Range, | Filtering (if applicable):

Comments:Load Cell Sn#90922, Calibration date 14Jan10 - shunt cal check 03Sept10

Hex Test Program Cortroller Software

20kip 6" stroke LVDT sn#548262 Calibrated flex test Displacement .5 inch range

Gripping information

Type of grip:MTS Hydraulic Grip Type of loading (tab, shoulder): Tab grip

Manufacturer: MTS 647 Method of specimen alignment in grip: MTS 609 Align cell
Manufacturer's reference number: 661.20E.03 Visual & Dial Indicator

Surface typeffinish: Silver Anodized Self aligning load train or grip (if applicable):

Wedge angle (if applicable): Self aligning cell

Comments: 1500 PSI gripping force

Instrumentation information

Calibration/\erification dates. 03Sept2010 | Data disk/filename: see Cal sheet 03/09

Method of calibration: Static Standard Cell and GeixDaIa sampling rate: see Cal sheet 03/53

Shunt Cal Check of Load Cell SN#90922 for use on 03Sept2010
Comments: LVDT Cal date =12Jan10 6" stroke Actuator, see Cal sheet 02/59

Frequency response

Component 1. Dantec DIC 3D Imaging system | Frequency response:

Component 2: DVM Kiethely 175 SN#409294 Frequency response:

Component 3: Vishay 2311 Amplifiers SN#108523Frequency response: DIC channel 3

Component 4: Vishay 2311 Amplifiers SN#10852%Frequency response: DIC channel 4

Component 5: Dantec TU-4B Slow Speed Timing Frequency response: 30HZ

Owerall frequency response:

Ancillary equipment (please list and describe usage)

Dantec DIC 3D Imaging system with Dartec Low Speed 5 Megapixel Cameras

#3 Airbrush Spray Pattem 12 inches from subject

Xenoplan 50mm lenses

DIC 3D system with 2 Deedacod lights

Vishay Strain Gages CEA-06-500UW-350 with cal resister 3.921K ohm

Dantec TU-4XB Slow Speed Timing Box

I-5
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LOW SPEED SYSTEM - SETUP 2

Testing Equipment Information

GeorgeWashingtonUniv__ DIC phase2

Testing laboratory: KL-22

Point of contact: John Chumack

Telephone/Fax: 937-229-4426

Address:

Test machine information

Manufacturer: MTS 810 2 Poster Frame #37

Manufacturer's reference number: Flex Test Station # 37

Maximum capacity (test machine): 20 Kip

Machine type (seno-hydraulic / seno-€electric). S-H

Maximum capacity (load cell): 20K range

Method of data acquisition: Flex Test Peak Detectors_DIC

Range load cell used: LC #90922 = 22kip Range,

Filtering (if applicable);

Comments:Load Cell Sn#90922, Calibration date 14Jan10 - shunt cal check 03Sept10

Hex Test Program Cortroller Software

20kip 6" stroke LVDT sn#548262 Calibrated flex test Displacement .5 inch range

Gripping information

Type of grip: UDRI Grips, Shear, Tensile, and Con

Type of loading (tab, shoulder): Tab grip

Manufacturer: MTS 647

Manufacturer's reference number: 661.20E.03

Method of specimen alignment in grip: MTS 609 Align cell
Visual & Dial Indicator

Surface typeffinish: Black Painted

Wedge angle (if applicable):

Self aligning load train or grip (if applicable):
Self aligning cell

Comments:

Instrumentation information

Cdlibration/verification dates: 03Sept2010

Data disk/filename: see Cal sheet 03/09

Method of calibration: Static Standard Cell and G4

Data sampling rate: see Cal sheet 03/53

Shunt Cal Check of Load Cell SN#90922 for use on 03Sept2010
Comments: LVDT Cal date =12Jan10 6" stroke Actuator, see Cal sheet 02/59

Freguency response

Component 1: Dantec DIC 3D Imaging system

Frequency response: DIC Stroke channel 1

Component 2: DVM Kiethely 175 SN#409294

Frequency response: DIC Load channel 2

Component 3:Dantec TU-4XB Slow Speed Timing

Frequency response: 30HZ

Component 4: Dantec TU-4F High Speed Timing

Frequency response: 200KHZ

Component 5:

Component 6:

Owerall frequency response:

Ancillary equipment (please list and describe usage)

Dantec DIC 3D Imaging system with Dantec Low Speed 5 Megapixel Cameras

#3 Airbrush Spray Pattem 12 inches from subject

@ 15psi

Slow Cam Xenoplan 50mm lenses or HS Cam 100mm High speed Lenses

DIC 3D system with 2 Deedacod lights

Dantec TU-4XB Slow Speed Timing Box

Dantec TU-4XF High Speed Timing Box
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HIGH RATE SYSTEM LOAD WASHER CALIBRATION

Customer: GWU for High Rate Date: 26 + 27 January 2011 Tech: John Chumack
MTS #37 LC =SN#v0922 FW= Sn# 1416810 Kistler 9061A 45KIP - 1"-14
PC = RC10096 card and BNC2110 FW Cal software VO_02b

20k Range¢ Dynamic Tension 5hz Gain sensitivity Load Cell readin FW reading Ibf

0% - wolts 0.777 0 0
20% - 2 4000 4000
40% - 4 8000 8000
60% - 6 12000 12000
80% - 8 16000 16000
100% - 10 20000 20000
0% - 0 0

10k RangeDynamic Tension 5hz Gain sensitivity Load Cell readin FW reading Ibf

0% - wolts 0.858 0 0
20% - 2 2000 2000
40% - 4 4000 4000
60% - 6 6000 6000
80% - 8 8000 8000
100% - 10 10000 10000
0% - 0 0

5k Range Dynamic Tension 5hz Gain sensitivity Load Cell readin FW reading Ibf

0% - wolts 0.897 0 0
20% - 2 1000 1000
40% - 4 2000 2000
60% - 6 3000 3000
80% - 8 4000 4000
100% - 10 5000 5000
0% - 0 0

Load Cell
— — Force Washer

EXAMPLE OF FORCE WASHER CALIERATION
1-26-11

ARLRAD

G000

AN
|

-0.1 1] a1 0.z 0.3 0.4 0a 06 a7
TIME [SEC]

LOAD [LEF]
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Investigation of Opportunities for Lightweight Vehicles Using Advanced Plastics and Composites

HIGH RATE SYSTEM LVDT CALIBRATION
UDRI Structural Test Laboratory

Displacement Transducer Calibration Sheet Cat.\ltem Number '02/35
Machine Number 6 Calibration Date 26-Jan-11 Temp / Humidity 79F/7%  Performed by R.Glett
Transducer Type/Capacity LVDT/'+-2.5" Transducer Conditioner MTS458.13 ac Readout  Console
Manufacturer G.L.Collins Serial Number 410 Mfgr MTS
Model Number LMT711-P34 Gage Factor see range below Model# 458.10
Serial Number 219172 Excitation Voltage 20.005 vp-p Serial # 0125177-
Allowable tolerance:  1.0% of Standard value Condition Rec'd./Retd:  Fair/Fair _used Cal.Spec.#: MTS407.14 LVDT
Comments: in 22Kip actuator SN 466R Cal Proceedure
Standard Data Setup 1 Range 1: 5 in. =V. full scale 10 Cal Value: NA
% of Transducer Readings | Standard Readings %Error
Full Scale | Pre-Cal | Post-Cal | Applied Reading Pre-Cal Post-Cal
Standard Used for This Range 17/24 Dial Indicator -65% -3.2740( -3.2740 -3.237 -3.237 1.14 1.14]
Standard Type Starrett 25-5041J -60% -3.0215| -3.0215 -3.000 -3.000 0.72 0.72]
Standard Capacity 0-5.000" -50% -2.5050| -2.5050 -2.500 -2.500 0.20 0.20]
Standard Serial Number 25-5041 -40% -2.0015| -2.0015 -2.000 -2.000 0.08 0.08]
Standard Calibration Data 1-Jun-10 B&S Gage blks.F39 -30% -1.5010| -1.5010 -1.500 -1.500 0.07 0.07]
Standard Readout Meter -20% -1.0000{ -1.0000 -1.000 -1.000 0.00 0.00
Standard Readout Meter S/N -10% -.4990 -.4990 -.500 -.500 -0.20 -0.20
Comments 0% .0000 .0000 .000 .000 0.00 0.00]
10% .5025 .5025 .500 .500 0.50 0.50]
20% 1.0000 1.0000| 1.000 1.000 0.00 0.00]
30% 1.4990 1.4990 1.500 1.500 -0.07 -0.07|
40% 1.9975 1.9975 2.000 2.000 -0.12 -0.12]
50% 2.5000{  2.5000 2.500 2.500 0.00 0.00]
60% 3.0040[ 3.0040| 3.000 3.000 0.13 0.13
67% 3.3555[  3.3555 3.355 3.355 0.01 0.01]
1-8
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HIGH RATE SYSTEM EQUIPMENT LIST

Testing Equipment Information

GeorgeWashingtonUniv _ DIC_phase2 4238030003
Testing laboratory: KL-22 Point of contact: John Chumack
Telephone/Fax: 937-229-4426 Address:

Test machine information

Manufacturer: MTS 4 Poster Frame #6 Manufacturer's reference number: MTS 458.10 on #6
Maximum capacity (test machine): 50 Kip Machine type (servo-hydraulic / seno-electric): S-H
Maximum capacity (load cell): FW 45K range Method of data acquisition: HSDAQ & GPTC v03b

FW range used: FW #1416810= 20kip , calibrated 5k, 10k,19k range |Filtering (if applicable):

Comments:Force washer Sn#1416810, Calibration date 01Mar11 - shunt cal check 01Marl11

HSDAQ 10 MHZ Pci card #6115

22kip 6" stroke LVDT sn#219172 Calibrated Displacement 5 inch range

MTS Micro Profiler 458.91

Gripping information

Type of grip:UDRI Grips, Shear, Tensile, and Compression Type of loading (tab, shoulder): Tab grip
Manufacturer: UDRI Fixturing Method of specimen alignment in grip: Dial indicator
Manufacturer's reference number: Compression, Axial, Transverse Visual & Dial Indicator

Surface type/finish: Black Painted & white speckled Self aligning load train or grip (if applicable):

Wedge angle (if applicable):

Comments:

Instrumentation information

Calibration/verification dates: 01Mar2011 |Data disk/filename: see Cal sheet 02/35

Method of calibration: Static Standard Cell and Gaged Blocks/dial indicat| Data sampling rate: see data run sheets

Shunt Cal Check of Load Cell #37 SN#90922 for use on 03Sept2010
Comments: LVDT Cal date =26Jan11 6" stroke Actuator, see Cal sheet 02/35

Frequency response

Component 1: Dantec DIC 3D Imaging system Frequency response: DIC Stroke channel 1
Component 2: DVM Kiethely 175 SN#409294 Frequency response: DIC Load channel 2
Component 3:Dantec TU-4XF High Speed Timing Box Frequency response: 200KHZ

Component 4: Frequency response:

Component 5:

Component 6:

Ovwerall frequency response:

Ancillary equipment (please list and describe usage)

Dantec DIC 3D Imaging system with Dantec High Speed Cameras

#3 Airbrush Spray Pattern & Spray can 12 inches from subject @ 15psi

HS Cam 100mm High speed Lenses @ F11

DIC 3D system with 2 Deedacool lights

BNC-2110 NI A-D box

Dantec TU-4XF High Speed Timing Box

1 Jennings Fiber optics Bundle

1-9
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APPENDIX J
MODIFIED ASTM D3039 TENSILE DATA PACKAGE
Summary Tables
Summary Plots

J-1
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Table J-1 Triaxial Braid T700 Carbon/ Epon 862W Quasi-static Summary Table Using Modified ASTM D3039 Specimens - Axial Orientation
Digital Image Correlation (DIC) and Back-to-Back Gaged
Nominal gage dimensions of 44.45 mm (w) X 1.65 mm (t) x 184.5 mm (I)

Test speed of 1.275 mm/min (0.05 in/min)

Test conditions: 23°C_RH: 50 +/-10%

Minimum test system resonant frequency of 1 kHz

Engineering Engineering
Peak* Peak* Engineering Strain Range for
(Breaking) (Breaking) Breaking Elastic Machine Measured Strain Strain Rate
UDRI Stress Stress Strain Modulus Poisson's Rate Machine Rate| Nominal Strain Rate# Calc.
TestDate |SpecimenID| Panel ID [ksi] [MPa] [%] [GPa] Ratio [m/s] [in/s] Rate [1/s] [1/5] [%] Failure Location Comments
9/20/2010 064-1 | 0802106 117 808 191 422 0.289 0.000021 | 0.000834 | 0.000115 0.0000729 1.0-1.8 gage Re-run. Increased grip pressure after
slippage at 12786 Ibf. Note 1
9/20/2010 064-2 080210-6 131 903 - - - 0.000021 0.000834 0.000115 - - - Note 1
. g 1.82 gaged 44.9 gaged 0.0000720 gaged g
9/22/2010 064-3 080210-6 114 787 1.95DIC 41.3DIC 0.300 DIC 0.000021 0.000834 0.000115 0.0000708 DIC 1.0-1.8 gage Gaged and DIC
Axial 9/21/2010 064-4 080210-6 117 807 1.85 434 0.314 0.000021 0.000833 0.000115 0.0000737 1.0-1.8 gage Broke both ends
9/21/2010 064-5 080210-6 134 924 2.08 44.2 0.304 0.000021 0.000833 0.000115 0.0000715 1.0-18 gage Broke both ends
9/21/2010 064-6 080210-6 125 860 1.86 45.8 0.333 0.000021 0.000824 0.000113 0.0000722 1.0-1.8 gage Note 1
o/21/2010 | 0647 | 080210-6 122 841 191 446 0.310 0.000021 | 0.000834 | 0000115 0.0000753 0.8-1.9 gage Re-run. '"Crea::ng;zpressure after
9/21/2010 064-8 080210-6 122 842 207 413 0.307 0.000021 0.000833 0.000115 0.0000715 1.0-2.0 gage Note 1
123 846 1.95 433 0.308
Average [DIC data]
Std.Dev. 6.94 47.8 0.09 1.72 0.01
5.65 5.65 4.81 3.98 4.38

Coeff. of Var. [%]

Strain gage full scale was 2%. Strain data from back-to-back gages averaged to adjust for potential bending.
Note 1: Issues with DIC-recorded load. Full scale reached at 10,000 Ibf [~620-640 Mpa]. Peak stress recorded by Test data acquisition.

Nominal rate based on gage length of 184.5mm.

2. Thickness was measured at two "peak” and two"valley" locations and averaged.

*DIC system 1-2 Hz sampling frequency was not always sufficient to capture peak. The sampling frequency was low in order to view most of the specimen within the region of interest for most tests.The peak stress was taken from the test machine output.

J-2
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Table J-2 Triaxial Braid T700 Carbon/ Epon 862W Quasi-static Summary Table Using Modified ASTM D3039 Specimens - Transverse Orientation
Digital Image Correlation (DIC) and Back-to-Back Gaged
Nominal gage dimensions of 19.05 mm (w) X 1.65 mm (t) x 101.6 mm (]) for transverse
Test speed of 1.275 mm/min (0.05 i/min)  Minimum test system resonant frequency of 1 kHz
Test conditions: 23°C_RH: 50 +/-10%

Engineering Engineering Final
Peak* Peak* Onset of Engineering Strain Range for
(Breaking) (Breaking) Engineering Breaking Elastic Machine Measured Strain Strain Rate
UDRI Stress Stress Failure Strain ** Strain ** Modulus Poisson's Rate Machine Rate| Nominal Strain Rate# Calc.
TestDate |SpecimenID| PanellD Ksi MPa %] [%] [GPa] Ratio [m/s] [in/s] Rate [1/s] [1/s] %] Failure Location Comments
9/16/2010 063-1 080210-6 49.0 338 - - - - 0.000021 0.00083 0.000208 - - gage No DIC data
9/16/2010 063-2 080210-6 471 325 - - - - 0.000021 0.00083 0.000208 - - gage No DIC data
9/16/2010 063-3 080210-6 49.7 343 - - - - 0.000021 0.00083 0.000208 - - gage No DIC data
Transverse 9/16/2010 063-4 080210-6 493 340 - - - - 0.000021 0.00083 0.000208 - - gage No DIC data
9/27/2010 063-5 080210-6 417 329 1.36 1.44 34.7 0.32 0.000172 0.000832 0.000208 0.000172 0.6-1.1 gage
Gaged and DIC. DiC
g y 1.10 gaged 1.41 gaged 36.9 gaged R »
9/27/2010 063-6 080210-6 47.2 325 1.06 DIC 1.45DIC 34.4DIC 0.000157 0.000833 0.000208 0.000157 0.2-1.0 gage modulus measured
over a larger region.
Average of DIC 483 333 1.36 1.44 34.70
specimens
Std.Dev. 1.16 7.98
Coeff. of Var. [%] 240 2:40

Strain gage full scale was 5%. Strain data from back-to-back gages averaged to adjust for potential bending.

Note 1: Issues with DIC-recorded load. Full scale reached at 10,000 Ibf [~620-640 Mpa]. Peak stress recorded by Test data acquisition.

Nominal rate based on gage length of 101.6mm.

». Thickness was measured at two "peak” and two"valley" locations and averaged.

*DIC system 1-2 Hz sampling frequency was not always sufficient to capture peak. The sampling frequency was low in order to view most of the specimen within the region of interest for most tests.The peak stress was taken from the test machine output.

**Transverse specimens - failure was taken at the point of maximum stress and strain before tearing.
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1

Engineering Stress [MPa]

Engineering Stress [MPa]

3039-A-1 /.’ i
800 -8— 3039-A-3 2
—h— 3039-A-4 £ i
- -H- - 3039-A-5 ]
- W 3039-A-6 |
- - 3038-A-T
GDD - -El— 3038-A-8
400
2 Gage section; 4
44 48mm fwh % 184.5mm (0 1.65mm 4
200 23°C i
Data acquisition issues with 3039-A-6 and 8. 4
Stress not captured beyond 610 MPa. J
0 0.005 0.01 0.015 0.02 0.025
Engineering Strain
2D triaxial {-60/0/+60) carbon braid T700/Epon 682W resin Three plies
Maodified ASTM D3039 specimen - Transverse Tensile
2.5 unit cells in cross-section
Engineering stress-strain
Machine rate of 1.27 mm/min Measured strain rate before failure of ~0.00017/s
300 r/,.‘p"&"‘
i f’ 1
250 | _
200 | / j
C jlf — 30358-T-5 ]
150 | (;» - — 303%-T-6 ]
100 | ;
L Gage section: ]
50 E 18.05mm ) x 101.6mm (3 x1.65mm o]
[ 23°C ]
0 0.005 0.01 0.015

Machine rate of 1.27 mm/min

2D triaxial (-60/0/+60} carbon braid T700/Epon 682W resin Three plies
Maodified ASTM D3039 specimen - Axial Tensile

2.5 unit cells in cross-section
Engineering stress-strain

Measured strain rate before failure ~0.00007/s

Engineering Strain
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APPENDI X K
BOWTIE AXIAL TENSILE DATA PACKAGE
Summary Table
Summary Stress-strain Plots With Rate
Summary Stress-time Plots With Rate

K-1
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Axial Tensile Data Summary
2D Triaxial Carbon T700/ Epon862W Epoxy Braid
Bowtie Specimen Configuration - 2.5 unit cells in reduced cross section

Nominal center cross-section of 45.5mm wide x 1.65mm thick
ot | sk svess | PemkSTe o | Epree | Lottt | Lottt | i | ot | s | | et | e | vt
number [MPa] 56% Fiber Strain # Max Strain Min Strain Based on Baseq on ngh Baseq on L.DW Ratio™  |Before Failure* Rate Ratg Comments
Volume %] %] 3] Center Strain Point Strain Point [2/s] [in/s] [m/min]
[MPa] [GPa] [GPa] [GPa]
088-1 731 718 1.31 222 0.62 62.9 46.6 713 0.26 0.000109 0.00083 0.00126 Note 1
088-2 829 815 137 2.06 0.88 67.3 432 778 - 0.000085 0.00083 0.00127 Note 1
088-3 767 754 1.26 1.55 0.71 66.9 56.7 91.7 0.25 0.000083 0.00083 0.00127
0.00009/s 088-4 822 808 135 1.88 0.60 66.5 - 945 - 0.000092 | 0.00083 | 0.00127 Note 1
088-8 875 860 1.36 1.88 0.69 705 59.9 100 - 0.000077 0.00083 0.00127 Note 1
088-9 728 686 1.20 2.00 0.44 65.8 415 92.7 - 0.000089 0.00083 0.00126 Note 1
088-10 836 787 133 1.60 063 69.4 - - - 0000083 | 000083 | 000127 i';;'u;a;\"‘g;a;
Average 798 775 131 1.88 0.65 67.0 49.6 88.0 0.25
Standard Deviation 57 60 0.06 0.24 0.13 25 8.3 11.0
COV [%] 7.11 7.76 481 12.7 205 3.69 16.7 125
Excluding Specimens 088-1, 088]
3, and 088-9 which had cracking Average 841 817 135 1.85 0.70 68.4 51.6 90.8
into the grip before failure
Standard Deviation 24 31 0.02 0.19 0.13 1.84 11.8 116
COoV [%] 2.82 3.75 1.38 10.2 18.4 2.69 22.9 12.8
0885 844 795 151 244 094 62.5 46.1 62.7 - 00319 0331 0504 ;';'g;)é‘,'\:‘:ealt
0.03/s 088-6 921 868 1.43 150 0.48 708 52.7 101 - 0.0344 0.330 0503 Note 1.
088-7 831 782 137 1.83 055 65.9 50.7 945 0.36 0.0312 0.331 0505
Average 865 815 1.44 192 0.65 66.4 49.8 85.9
Standard Deviation 49 46 0.07 0.48 0.25 42 34 204
COV [%] 5.65 5.65 5.13 24.8 378 6.30 6.75 23.74
088-17 841 829 137 154 1.08 729 52.0 84.8 - 0.310 3.01 4.59 Note 1
088-18 754 744 116 1.83 0.85 81.7 67.3 89.9 0.38 0.295 2.95 4.50
0.3/s 088-19 749 739 1.05 112 0.80 85.4 85.4 85.3 0.39 0.295 3.18 4.84
088-20 868 817 151 174 0.99 823 66.3 83.6 0.37 0.323 3.01 4.59
Average 803 782 127 156 0.93 80.6 67.7 85.9 0.38
Standard Deviation 60 48 0.21 0.32 0.13 5.4 137 238 0.01
COV [%] 753 6.09 16.2 203 14.0 6.66 20.2 3.23 2.33
088-12 797 77 153 2.06 0.83 815 67.3 97.8 0.33 261 27.2 414 Note 2
Low 2ls resonant 088-13 738 719 127 177 0.62 83.2 65.1 124 042 4.95 48.1 732 Notes 2 and 3
ringing 088-14 789 769 122 1.49 0.55 95.0 85.1 118 047 219 237 36.0 Note 2
~5t0 10 waves before failre 088-15 790 744 139 1.59 0.86 782 58.9 79.2 - 197 248 37.8 Note 2
088-16 754 711 122 1.99 0.88 88.9 70.6 97.8 0.38 223 25.0 38.0 Note 2
Average [EXCLUDING 088-13] 783 744 133 178 0.75 85.4 69.4 103 0.40
Standard Deviation 19 29 0.13 0.25 0.15 6.6 9.7 18 0.06
COV [%] 2.46 3.96 10.0 13.8 205 7.76 14.0 17.4 15.2

* Strain rate of central region ** Poisson's ratio taken at the first region of zero slope from the E11 vs Ratio curve.

## Strain as measured at a region of high strain on a fiber braid and a low strain region.

Specimen thickness varied due to the braid structure. Thickness was measured at two “"peak” and two"valley" locations and averaged.

Note 1 Nonlinear increase of Poisson's ratio to end of test.

Note 2 Nonlinear stroke rate throughout loading cycle. Initial rate was 45.7 m/min through ~half of the loading. Had decreased to ~35 m/min by the end of the test. Reported machine rate is the average rate throughout the loading time.

Note 3 Resonant rinaing superimpose onto material response. Limited number of stress waves before failure (~3 waves). Not included in averade.
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1

Engineering Stress [MPa]

Engineering Stress [MPa]
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2D triazial {-60/0/+60) carbon braid T700/Epon 682%W resin Three plies

Bowtie specimen - Axial Tensile

2.5 unit cells in cross-section
Engineering stress-strain
Machine rate of 1.27 mm/min

o

STLOB8-1 1
-@— S5TL033-2 —
—t~— STLORAE-3 ]
--Hl--5TL088-4 J
- [E— STLOS8E-8 ]
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--4— STLORE-10 |
DIC prepped specimen i

Gage section:

45 9mm Gnd x 1.6mm () ]
29°C ]
Strain based on Iarge_ central palyaan ]

Engineering Strain
2D triaxial (-60/0/+60) carbon braid T700/Epon 682W resin Three plies
Bowtie specimen - Axial Tensile
2.5 unit cells in cross-section
Engineering stress-strain
Machine rate of 500 mm/inin
f’"_- 1
/.’ —
STLO2E-4 J
—@— STLOSG-B il
—f~— STLOBE-T Il
/ DIC prepped specimen 1
Gage section: 1
45 9mim (W:l ¥ 1.94mm m ................................. —
28°C 1
Strain based on large central polygon g
Mot normalized to fiber content 1
0.005 0.01 0.015 0.02

Engineering Strain
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20 triaxial (-60/0/+60} carbon braid TT00/Epon 682W resin Three plies
Bowtie specimen - Axial Tensile

2.5 unit cells in cross-section
Engineering stress-strain

Machine rate of 4.7 m/min Measured strain rate of 0.3/s
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Engineering Strain

20 triaxial (-60/0:/+60) carbon braid T700/Epon 682W resin Three plies
Bowtie specimen - Axial Tensile

2.5 unit cells in cross-section
Engineering stress-strain

Machine rate of ~42 m/min Measured strain rate of 2-3/s
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Engineering Strain
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Engineering Stress [MPa]

2D triaxial {-60/0/460) carbon braid T700/Epon 682W resin Three plies
Bowtie specimen - Transverse Tensile
2.5 unit cells in cross-section
Engineering stress versus time
Curves shifted for comparison of time-to-fail
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20 triaxial {-60/0/+60} carbon braid T700Epon 682W resin Three plies
Bowtie specimen - Axial Tensile
2.5 unit cells in cross-section
Engineering stress versus time
Curves shifted for comparison of time-to-fail
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2D triaxial (-60/0/+60} carbon braid T700/Epon 682W resin Three plies
Bowtie specimen - Transverse Tensile 2.5 unit cells in cross-section
Engineering stress versus time
Machine rate of 4.8 m/min
Curves shifted for comparison of time-to-fail
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20 triaxial (-60/0/+60) carbon braid T700/Epon 682W resin Three plies
Bowtie specimen - Transverse Tensile 2.5 unit cells in cross-section
Engineering stress versus time
Machine rate of 41 manin
Curves shifted for comparison of time-to-fail
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APPENDIX L
BOWTIE TRANSVERSE TENSILE DATA PACKAGE
Summary Table
Summary Stress-strain Plots With Rate
Summary Stress-time Plots With Rate

L-1
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Bowtie Specimen Configuration - Minimum of 2.5 unit cells in reduced cross-section

Transverse Tensile Data Summary
2D Triaxial Carbon T700/ Epon862W Epoxy Braid

Nominal center cross-section of 17mm wide x 1.6mm thic
Normalized . X . . Elastic Elastic Elastic .
Center. Peak |Peak Stress to| E19INeering Locgllzeq## Locgllzeq## Modulus Modulus Modulus Poisson's | Foisson's Machine Machine
UDRISTL | polygon/line " N Breaking Engineering Engineering . Ratio Measured
Panel 1D number | Gage Width Stress 56% Fiber Strain # Max Strain Min Strain Based on E}ased on Based on Ratlo. Center Strain Rate* Rate Ratg Comments
mmi [MPa] Volume 4] 4] ] Center High S_lraln Low S_Iraln Center line polygen [invs] [m/min]
[MPa] [GPa] Point Point
073010-2 074-1 - 931 914 - - - - - - - - - 0.00083 0.00126 No DIC data
0.00015/s 073010-2 074-3 6.88 923 907 2.05 3.76/4.99 0.93/1.55 91.1 - - - 0.47 0.00013 0.00083 0.00127
Longer grip to grip 073010-2 074-5 12.69 960 944 247 3.80/3.84 1.59/1.82 67.0 - - - 0.51 0.00023 0.00083 0.00127
distance 073010-2 074-7 7.49 982 964 1.52/2.60 2.02/4.01 1.32/1.70 89.4 - - - 0.22 0.00015 0.00083 0.00126
073010-2 074-9 9.59 1000 983 1.44/2.38 3.13/3.64 1.43/1.73 81.3 - - - 0.19 0.00010 0.00083 0.00127
Average 959 943 1.84/2.48 3.18/4.12 1.30/1.70 82.2 0.35
Standard Deviation 33 32 0.47/0.09 0.83/0.60 0.28/0.11 11.0 0.17
COV [%] 342 342 25.6/3.64 26.1/14.6 21.3/6.60 134 48.3
0.00015/s 073010-6 081-1 7.75 989 965 2.35 2.63 1.49 57.0 35.0 49.6 0.01 0.02 0.00020 0.00083 0.00127
Shorter grip to grip 073010-6 081-2 7.34 931 909 2.38 3.71 159 65.8 36.0 50.5 0.20 0.24 0.00017 0.00083 0.00127
distance 073010-6 081-3 7.75 976 952 1.49 257 1.05 76.3 44.1 - 0.36 0.31 0.00014 0.00083 0.00127
Average 965 942 2,07 297 137 66.4 38.3 50.1 0.19
Standard Deviation 30 29 0.50 0.64 0.29 9.65 5.00 0.67 0.15
COV [%] 3.12 3.12 24.3 21.6 21.0 14.5 13.0 1.34 81.3
073010-6 081-4 749 1034 1009 1.82 2.87 0.68 112 48.9 - 0.60 0.54 0.0446 0.333 0.508
Shongr%‘:iSplsto grip 073010-6 081-5 7.82 1022 997 141 235 0.82 141 - - 0.63 0.63 0.0298 0.334 0.509
distance 073010-6 081-6 7.79 977 954 211 - - 102 - - 0.44 - 0.0706 0.334 0.509 center line strain only
073010-6 081-7 7.87 1033 1008 154 - - 109 - - 0.238/0.408| 0.238/0.408 0.0344 0.336 0.513
Average 1017 992 172 261 0.75 116 0.47/0.52
Standard Deviation 27 26 0.31 0.37 0.10 17.2 0.2-0.11
COV [%] 2.65 2.65 18.1 14.1 13.2 14.8 43.5/20.9
0.45/s 073010-6 081-8 7.87 1044 1019 1.62 - - 130 - - 047 0.50 0412 3.08 4.70
Shorter grip to grip 073010-2 081-11 7.32 1093 1074 207 - - 66.2 - - 0.14 0.14 0.465 3.18 4.84
distance 073010-2 081-13 8.05 1002 985 2.37 3.60 2.29 49.2 49.4 - 0.03 0.03 0.698 3.10 4.73
Average 1046 1026 2.02 81.9 0.22
Standard Deviation 46 45 0.38 428 0.24
COV [%] 4.35 4.40 18.6 52.2 109
5/s 073010-1 081-17 7.83 924 957 1.96 - - 58.3 - - 0.03 0.03 5.09 28.3 43.2
Shorter grip to grip 073010-1 081-18 7.75 949 982 1.87 2.28 - 50.6 45.1 - 0.06 0.09 5.05 29.7 453
distance 073010-1 081-19 7.92 881 911 3.20 - - 64.7 - - 0.03 0.05 350 29.1 444
Average 918 950 2.34 57.9 0.06
Standard Deviation 35 36 0.74 71 0.03
COV [%] 3.77 3.77 31.7 12.2 50.2

#Extended failure as cracking initiated along sides and traveled into center. Strain for central polygon at onset of cracking and final break.

## Strain as measured at a region of high strain on a fiber braid and low strain in center. Strain data from the onset of cracking and final break.

Specimen thickness varied due to the braid structure. Thickness was measured at two "peak" and two"valley" locations and averaged.
* The strain rate was measured over the strain expereince over a stress range of 300 to 600 MPa.

**The center line/polygon width traversed at least one unit cell (short side).
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2D tria=ial (-60/0/+60) carbon braid T700/Epon 682% resin Three plies
Bowtie specimen - Transverse Tensile
2.5 unit cells in cross-section
Engineering stress-strain
Machine rate of 1.27 mm/min Measured strain rate before failure of ~0.00015/s
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2D triaxial (-60/0/+60) carbon braid T700/Epon 682YW resin Three plies
Bowtie specimen - Transverse Tensile
2.5 unit cells in cross-section
Engineering stress-strain

Machine rate of 500 mmJ/min
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2D triaxial {-60/0/+60) carbon braid T700/Epon 682%W resin Three plies
Bowtie specimen - Transverse Tensile
2.5 unit cells in cross-section
Engineering stress-strain

Machine rate of 4.6 m/min
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Engineering Stress [MPa]
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20 triaxial (-60:/0/+60} carbon braid T700/Epon 682W resin Three plies
Bowtie specimen - Transverse Tensile
2.5 unit cells in cross-section
Engineering stress versus time
Curves shifted for comparison of time-to-fail
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APPENDIX M
AXIAL COMPRESSION DATA PACKAGE
Summary Table
Summary Stress-strain Plots With Rate
Summary Stress-time Plots With Rate

M-1
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Axial Compression Data Summary - 0° fibers parallel to loading direction
2D Triaxial Carbon T700/ Epon862W Epoxy Braid

Minimum of 2.5 unit cells in cross section - Unit cell size (length x width) = 17.8mm x 5.5mm
Nominal center cross-section of 71mm wide x 1.65mm thick

Onset of Crush Peak Stress Engineering | Localized## Localizeds# Elastic Elastic
UDRISTL Cemer_polygon Stress at Onset | Stress Norm_allzed Peak Stress Normallz‘ed to Breaking Engineering Engineering Modulus Modulus Measured Machine Machine
Panel ID number size of Crush to 56% Fiber [MPa] 56% Fiber Stain# Max Strain Min Strain Based on Base@ on H\gh Strain Rate* Rate Rat? Comments
length x width [mm] [MPa] Volume Volume 16l %) 16l Center Strain Point [1/s] [in's] [m/min]
[MPa] [MPa] [GPa) [GPa]
073010-6 CAB-1 094-1 25.7x6.55 272 266 299 292 0.62 0.92 0.35 515 68.3 0.000121 0.00083 0.00127 Doghbone
073010-6 CAB-2 094-2 - 259 253 286 279 0.70 - - 56.0 - 0.000131 0.00083 0.00127 Dogbone
073010-6 CAB-3 094-3 28.4x8.41 268 261 267 261 0.60 071 - 53.0 - 0.000124 0.00083 0.00127 Dogbone
073010-6 CAB-4 094-4 27.0x8.28 221 215 282 275 0.65 - - 46.2 - 0.000125 0.00083 0.00127 Dogbone
073010-6 CAB-8 094-7 - 279 272 279 273 - - - - - - 0.00083 0.00127 Straight. No DIC window
0.00012/s 073010-6 CAB-9 094-8 - 267 261 267 261 - - - - - - 0.00084 0.00127 Straight. No DIC window
073010-6 CAB-10 094-9 - 271 264 275 268 - - - - - - 0.00084 0.00127 Straight. No DIC window
073010-1 CAB-18 094-11 - 267 277 267 277 - - - - - - 0.00083 0.00127 Straight. DIC window
073010-1 CAB-21 094-12 - 282 292 304 315 - - - - - - 0.00083 0.00127 Straight. DIC window
073010-1 CAB-22 094-13 - 259 268 292 303 - - - - - - 0.00083 0.00127 Straight. DIC window
073010-1 CAB-25 094-14 - 249 257 291 301 - - - - - - 0.00083 0.00127 Straight. DIC window
Average 263 262 283 282 0.64 0.81 51.7
Standard Deviation 17 19 13 18 0.04 0.15 4.1
COV [%)] 6.41 7.15 4.63 6.37 6.84 18.3 7.97
072910-2 CAB-34 094-34 26.57x7.39 199 187 262 246 0.66 - - 374 - 0.003942 0.0312 0.0475
072910-2 CAB-35 094-35 26.16x7.94 186 175 233 220 0.74 - - 32.6 - 0.003932 0.0313 0.0476
0.004/s 072910-2 CAB-36 094-36 26.83x8.57 186 175 269 253 0.78 - - 334 - 0.004134 0.0318 0.0485
072910-2 CAB-37 094-37 - 223 210 245 231 - - - - - - 0.0311 0.0474 No Dic data
Average 198 187 252 237 0.73 345
Standard Deviation 17 16 16 15 0.06 26
COV [%] 8.82 8.82 6.37 6.37 88 7.46
073010-6 CAB-5 094-5 - 213 207 242 236 - - - - - - 0.341 0.520 Dogbone. No DIC data
073010-6 CAB-6 094-6 25.66x6.55 282 276 310 303 0.66 0.73 - 47.2 - 0.0477 0.335 0.510 Dogbone
0730106 CAB-13 094-10 30.05x9.07 261 255 276 269 065 - - 465 - 00474 - - Dﬁi’i‘;"ﬁ;.'ii”;iff
072910-2 CAB-30 094-30 26.99x7.62 233 219 279 263 0.76 - - 373 - 0.0401 0.312 0.476 Straight
004005/ 072910-2 CAB-31 094-31 26.03x7.54 203 191 266 251 0.77 - - 34.8 - 0.0406 0.318 0.485 Straight
072910-2 CAB-32 094-32 26.60x7.04 220 207 293 276 0.71 - - 35.1 - 0.0426 0.320 0.487 Straight
072910-2 CAB-33 094-33 25.94x7.43 248 234 320 301 0.74 - - 433 - 0.0366 0.315 0.480 Straight
Average 237 227 284 2711 0.71 40.7
Standard Deviation 28 30 27 25 0.05 5.7
CoV [%] 12.0 13.1 9.39 9.12 72 14.0
073010-6 CAB-11 094-23 - 150 146 259 252 - - - - - - 3.15 4.80 Straight. No DIC
073010-6 CAB-16 094-24 25.37x7.87 229 224 242 236 0.55 - - 44.4 - 0.245 3.01 4.58 Straight
0.4/s 073010-6 CAB-17 094-25 26.52x8.44 234 229 280 273 0.80 - - 351 - 0.363 298 454 Straight
072910-2 CAB-26 094-26 25.81x7.74 234 220 303 285 0.84 - - 359 - 0371 3.01 4.59 Straight
072910-2 CAB-27 094-27 27.79x7.30 206 194 316 298 0.87 - - 354 - 0.364 3.08 4.69 Straight
Average 211 203 280 269 0.76 377
Standard Deviation 36 34 31 25 0.15 4.5
COV [%] 17.0 16.9 11.0 9.32 19.4 119

* Strain rate of central region

## Strain as measured at a region of high strain on a fiber braid and a low strain region.

Specimen thickness varied due to the braid structure. Thickness was measured at two "peak” and two"valley" locations and averaged.

M-2
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2D triaxial {-60/0/+60) carbon braid T700/Epon 682%W resin Three plies
Axial Compression - 0° fibers parallel to loading direction
2.5 unit cells in cross-section
Compressive Engineering stress-strain
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Compressive Engineering Stress [MPa]

Compressive Engineering Stress [MPa]
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2D triaxial (-60/0/+60) carhon braid T700Epon 6832 resin Three plies
Axial Compression - 0° fibers parallel to loading direction
2.5 unit cells in cross-section
Compressive Engineering stress-strain
Machine rate of 46 mm/min

©
a 300 — — — — —
= : !
@ 250 [ i ]
o L i
- - 4
ﬁ L ]
= 200 - 5TL094-34 |
= F —@— STLO94-35 ]+
Li}] r —t.— STLO94-36 [ ]
D 150 [ LE '
™ B 1
= = e it - i
W 400 ¢ = ;
W "{“:—_,e- DIC prepped specimen ]
= e Gage section: :
b 5 Tirnmm w1 Bmm (b i
i 50 23°C
=9 Strai_n hased an centra! pakgan i
= i
2 s om B m o om o ome ey
O
0.004 0.006 0.008 0.01
Compressive Engineering Strain
2D triaxial {-60/0/+60) carbon braid T700/Epon 682%W resin Three plies
Axial Compression - 0° fibers parallel to loading direction
2.5 unit cells in cross-section
Compressive Engineering stress-strain
.E. Machine rate of 46 mmimin
a 300 T i o R T
= C ]
o I o ]
& 250 i
L i 4
= i A ]
v B o A ]
o 200 —— gTLO94-24 [
c g A 5 1
— - > —-@— STLO94-35 | -
$ [ i —»— STLO94-36 | ]
£ 190 ¢ 6 ]
= i 7 :
L B & 1
100 - " D "e—— 3
L _ DIC prepped specimen 1
% L ;’f Gage section: 1
o i /,,, T1mm () % 1.6mm (b 7
@ 50 /“ ki o T b
O B Based on best fitto stress-strain curve ]
E I H H ] ]
8 g B m e B o omow oo o 8 ow o g

Compressive Engineering Strain

- A-188 —



Investigation of Opportunities for Lightweight Vehicles Using Advanced Plastics and Composites

Compressive Engineering Stress [MPa]

Compressive Engineering Stress [MPa]
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Compressive Engineering Stress [MPa]

Compressive Engineering Stress [MPa]

2D triaxial {-60/0/+60) carbon braid T700/Epon 682YW resin Three plies
Axial Compression - 0° fibers parallel to loading direction
2.5 unit cells in cross-section
Compressive Engineering stress-strain

Machine rate of 4.6 m/min
%
E B ]
300
- .f:"j!""“: ]
250 | sl :
r *@Mf — 5TL0g4-24 |7
= = —&— STLO94-25 [
200 L 4 et L o —t.— GTLO94-26 [
= {—‘ e --l--3TL094-27 [ 1
- e ]
150 e
- e L ]
E *_:_lFDFIC prepped specimen ]
100 B e o~ ¥ Gage section: i
i i Ca Timm fw)x 1.6mmiH ]
e
50 - ,;z,':’-‘"; 23°C .
C Strain hased on central polygon ]
0 0.002 0.004 0.006 0.008 0.01
Compressive Engineering Strain
2D triaxial (-60/0/+60) carbon braid T700Epon 682%W resin Three plies
Axial Compression - 0° fibers parallel to loading direction
2.5 unit cells in cross-section
Compressive Engineering stress-strain
Machine rate of 4.6 m/min
BB pwem e wow oo ow e ow e oo owowowowowowowow
300 L T ]
L A ]
C s ]
250 | s '
C o ]
C & STLOS4-24 1]
200 C g.. —8— STL094-25 [ -
L {j —~— STL094-26 [
C --B-- 5TL0A4-27 |
150 [ . ]
L £ ]
100 f S , '
= _,’.’ DIC prepped specimen g
L Gage section: ]
50 C Nf" Timm i x 1.6mm ]
F 23°C E
L Based on bestfitta stress-strain curve i
0 = . R R I S S TR T R S S R -
0 0.002 0.004 0.006 0.008 0.01

Compressive Engineering Strain

M-7

- A-190



Investigation of Opportunities for Lightweight Vehicles Using Advanced Plastics and Composites

Compressive Engineering Stress [MPa]
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D triaxial (-60/0/+60) carbon braid T700/Epon 682W resin Three plies
Axial Compression - 0° fibers parallel to loading direction
Minimum of 2.5 unit cells in width
Engineering stress versus time
Curves shifted for comparison of time-to-fail

Machine rate 1.27 mm/min
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Compressive Engineering Stress [MPa]

Compressive Engineering Stress [MPa]
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2D triaxial (-60/0/+60) carbon braid TF00Epon 682V resin Three plies
Axial Compression - 0° fibers parallel to loading direction
Minimum of 2.5 unit cells in width
Engineering stress versus time
Curves shifted for comparison of time-to-fail
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2D triaxial (-60/0/+60) carbon braid T700/Epon 682 resin Three plies
Axial Compression - 0° fibers parallel to loading direction
Minimum of 2.5 unit cells in width
Engineering stress versus time
Curves shifted for comparison of time-to-fail
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2D triaxial (-60/0/+60) carbon braid T700/Epon 682 resin Three plies
Axial Compression - 0° fibers parallel to loading direction
Minimmum of 2.5 unit cells in width
Engineering stress versus time
Curves shifted for comparison of time-to-fail
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APPENDI X N
TRANSVERSE COMPRESSION DATA PACKAGE
Summary Table
Summary Stress-strain Plots With Rate
Summary Stress-time Plots With Rate
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Transverse Compression Data Summary - 0° Fibers perpendicular to loading direction
2D Triaxial Carbon T700/ Epon862W Epoxy Braid
Minimum of 2.5 unit cells in cross section
Nominal center cross-section of 71mm wide x 1.65mm thick

Normalized Stress Normalized Engineering Elastic . .
. Stress at Onset Peak Stress to X Modulus Measured Machine Machine
Parnel ID UDRISTL | Center polygon size of Crush at Onsgt of Crushiof Peak Stress 56% Fiber Breaklng Based on Strain Rate * Rate Rate Comments
number length x width [mm] [MPal 56% F[lhtjlepra\]/olume [MPa] Volume S[I‘)r/.:‘j]ln Center [/s] fin's] [mimin]
[MPa] [GPa]
073010-6 CTB-1 100-1 - 214 209 214 209 - - - 0.00041 0.00062 No DIC
073010-6 CTB-2 100-2 - 235 229 235 229 - - - 0.00041 0.00063 No DIC
~0.00005/s
073010-6 CTB-3 100-3 - 213 208 213 208 - - - 0.00041 0.00063 No DIC
073010-6 CTB-4 100-4 - 244 238 244 238 - - - 0.00041 0.00063 No DIC
Average 226 221 226 221
Standard Deviation 15 15 15 15
COV [%] 6.73 6.73 6.73 6.73
072910-2 CTB-11 100-11 7.89x27.16 207 195 212 199 0.52 40.5 0.00410 0.031 0.047
072910-2 CTB-12 100-12 7.42x25.44 206 194 282 265 0.81 39.0 0.00422 0.032 0.048
072910-2 CTB-13 100-13 7.79x26.38 202 190 259 244 0.82 345 0.00407 0.032 0.048
o004 072910-2 CTB-22 100-22 7.61x26.17 211 199 247 233 0.67 40.1 0.00385 0.032 0.049 bottom fixture paired
072910-2 CTB-23 100-23 7.83x26.34 230 216 310 292 0.85 38.5 0.00427 0.032 0.049 bottom fixture paired
072910-2 CTB-24 100-24 7.70x26.43 238 225 280 264 0.69 43.2 0.00414 0.032 0.049 bottom fixture paired
Average 216 203 265 249 0.72 393
Standard Deviation 15 14 34 32 0.12 2.8
COV [%] 6.90 6.90 12.85 12.85 17.17 7.25
072910-2 CTB-14 100-14 7.67x26.52 223 210 279 263 0.71 42.4 0.0356 0.32 0.48
072910-2 CTB-15 100-15 7.85x25.75 241 227 311 293 0.80 39.3 0.0421 0.31 0.48
0.04/s 072910-2 CTB-16 100-16 7.78x27.54 253 238 266 250 0.64 40.2 0.0410 0.31 0.47
072910-2 CTB-17 100-17 7.88x27.46 216 203 302 284 0.81 40.5 0.0392 0.32 0.48
072910-2 CTB-18 100-18 7.66x27.49 238 225 282 266 0.80 37.9 0.0486 0.32 0.48
Average 234 221 288 271 0.75 40.1
Standard Deviation 15 14 18 17 0.08 17
COV [%] 6.27 6.27 6.33 6.33 10.0 412
072910-2 CTB-10 100-10 25.54x8.09 177 167 269 253 >.483 355 0.366 3.24 4.9 DIC window horizontal
072910-2 CTB-19 100-19 7.84x26.04 230 217 274 258 0.69 425 0.361 3.09 4.7
o 072910-2 CTB-20 100-20 7.54x26.42 288 272 317 299 0.77 453 0.372 3.11 4.7
072910-2 CTB-21 100-21 7.79x27.72 295 277 325 307 0.76 47.1 0.406 3.00 4.6
Average [EXCLUDING 100-10] 271 255 305 288 0.74 45.0
Standard Deviation 35 33 28 26 0.04 23
COV [%] 13.0 13.0 9.11 9.11 58 5.17

* Strain rate of central region

Specimen thickness varied due to the braid structure. Thickness was measured at two "peak” and two"valley" locations and averaged.
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Compressive Engineering Stress [MPa]
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2D triaxial (-60/0/+60) carbon braid T700/Epon 632W resin Three plies
Transverse Compression - 0° fibers perpendicular to loading direction
2.5 unit cells in cross-section
Compressive Engineering stress-strain
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Compressive Engineering Stress [MPa]

Compressive Engineering Stress [MPa]
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20 triaxial {-60:0/+60) carbon braid T700/Epoen 682W resin Three plies
Transverse Compression - 0° fibers perpendicular to loading direction
2.5 unit cells in cross-section
Compressive Engineering stress-strain
Machine rate of 46 mm/min
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2D triaxial {-60/0/460) carbon braid T700Epon 682W resin Three plies
Transverse Compression - 0° fibers perpendicular to loading direction
2.5 unit cells in cross-section
Compressive Engineering stress-strain
Machine rate of 46 num/min
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20 triaxial (-60/0/+60) carbon braid TF00Epon 682W resin Three plies
Transverse Compression - 0° fibers perpendicular to loading direction
2.5 unit cells in cross-section
Compressive Engineering stress-strain
Machine rate of 460 mm/inin
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Transverse Compression - 0° fibers perpendicular to loading direction
2.5 unit cells in cross-section
Compressive Engineering stress-strain
Machine rate of 460 mm/inin
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20 triaxial (-60/0./+60) carbon braid T700Epon 682W resin Three plies
Transverse Compression - 0° fibers perpendicular to loading direction
2.5 unit cells in cross-section
Compressive Engineering stress-strain
Machine rate of 4.6 m/min
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Compressive Engineering Stress [MPa]

Compressive Engineering Stress [MPa]
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Engineering stress versus time

Curves shifted for comparison of time-to-fail

Machine rate 0.7 mm/inin
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20 triaxial (-60/0/+60} carbon braid T700/Epon 682W resin Three plies
Transverse Compression - 0° fibers perpendicular to loading direction
Minimum of 2.5 unit cells in width
Engineering stress versus time
Curves shifted for comparison of time-to-fail
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APPENDIX O
AXIAL SHEAR DATA PACKAGE
Shearing across 0° Fibers
Summary Table
Summary Stress-strain Plots With Rate
Summary Stress-time Plots With Rate
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Axial Shear®Data Summary
2D Triaxial Carbon T700/ Epon862W Epoxy Braid
Bowtie Specimen Configuration - 2.5 unit cells in reduced cross section
Nominal center cross-section of 46mm wide x 1.65mm thick

) Center peak Pg;;";?;fsdm Enginegri ng Loca_\lizeq## Loca_\lizeq## Shear Machine Machine
panel D UDRISTL | line/polygon Stress 56% Fiber Break|ng Engmeerl_ng Engmeerl.ng Modulus Baged Megsured Rate Rate
number length IMPa] Volume Strain # Max Strain Min Strain on Center Line Strain Rate fins] [m/min]
(mm] MPal %) [%] [%] (GPa]
073010-4 SAB-4 095-1 37.4 186 181 0.724 0.963 0.700 34.7 0.000089 0.00083 0.00127
0.00008/s 073010-4 SAB-6 095-2 27.8 172 167 0.638 0.947 0.400 334 0.000077 0.00083 0.00127
073010-4 SAB-3 095-3 26.7x5.71 170 166 0.780 1.07 0.491 314 0.000076 0.00083 0.00127 Final failure at 1.22%
073010-5 SAB-4 095-9 28.9 193 192 0.876 129 0.742 32.2 0.000085 0.00083 0.00127
Average 180 177 0.755 1.07 0.583 329
Standard Deviation 11 12 0.100 0.16 0.164 1.45
COV [%] 6.30 7.01 13.2 14.6 28.2 4.40
073010-4 SAB-5 095-4 - 186 182 - - - - - 0.334 0.509 No DIC data
073010-5 SAB-9 095-5 23.1 189 188 0.786 - - 28.9 0.0339 0.334 0.509
0.03/s 073010-5 SAB-1 095-6 29.6 213 211 0.846 1.02 0.726 285 0.0318 0.335 0.510
073010-5 SAB-2 095-7 30.4 168 167 0.723 0.934 0.608 26.8 0.0339 0.326 0.497
073010-5 SAB-3 095-8 30.7 192 190 0.980 111 - 29.8 0.0330 0.333 0.508 Final failure at 1.63%
Average 190 188 0.834 1.02 0.667 28.5
Standard Deviation 16 16 0.109 0.088 1.24
COV [%] 8.40 8.54 131 8.6 4.35
073010-5 SAB-5 095-10 274 173 171 0.682 - - 27.1 0.279 3.26 4.96
025/ 073010-5 SAB-7 095-12 - 177 176 - - - - - 3.26 4.96 No DIC data
073010-4 SAB-1 095-14 27.0 179 174 0.642 0.960 - 273 0.240 3.26 4.97
073010-5 SAB-8 095-15 27.4 178 176 0.842 - - 22.2 0.260 3.27 4.98
Average 177 174 0.722 255
Standard Deviation 3 2 0.106 291
COV [%] 1.48 1.29 14.7 11.4
072910-01 SAB-21 095-16 27.8 196 193 0.811 - - 27.0 2.60 32.3 49.3 Note 1
2.5/s 072910-01 SAB-24 095-17 28.0 202 199 0.871 - - 25.6 2.50 32.2 49.1 No DIC data. Note 1
072910-01 SAB-22 095-18 28.2 206 203 0.842 - - 255 247 324 49.4 Note 1
Average 201 199 0.841 26.0
Standard Deviation 5 5 0.03 0.84
COV [%] 2.58 2.58 3.57 3.24
(1) Shear through the long side (18mm) of the unit cell. 0° fibers perpendicular to loading direction.
#Based on center line ## Strain as measured at a region of high strain on a fiber braid and low strain in center. Breaking strain taken at first large drop in stress.

Specimen thickness varied due to the braid structure. Thickness was measured at two "peak” and two"valley" locations and averaged.
Note 1 Five to six low amplitude system resonant waves in stress response before failure.
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Engineering Shear Stress [MPa]
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20 triaxial (-60/0/+60) carbon braid T700/Epon 682W resin Three plies
Bowtie specimen - Axial Shear [0° fibers perpendicular to loading direction]

2.5 unit cells in cross-section
Engineering shear stress-strain at all rates
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2D triaxial {-60/0/+60) carbon braid T700/Epon 682W resin Three plies
Bowtie specimen - Axial Shear [0° fibers perpendicular to loading direction]
2.5 unit cells in cross-section
Engineering stress-strain
Machine rate of 1.27 mim/min
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2D triaxial {(-60/0/4+60) carbon braid TT00/Epon 682W resin Three plies
Bowtie specimen - Axial Shear [0° fibers perpendicular to loading direction]
2.5 unit cells in cross-section
Engineering stress-strain
Machine rate of 500 mm/inin
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20 triaxial {-60/0/+60) carbon braid T700/Epon 682W resin Three plies
Bowtie specimen - Axial Shear [0° fibers perpendicular to loading direction]
2.5 unit cells in cross-section
Engineering stress-strain
Machine rate of 5 minin
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20 triaxial {-60/0:/+60) carbon braid T700/Epon 682W resin Three plies
Bowtie specimen - Axial Shear [0° fibers perpendicular to loading direction]
2.5 unit cells in cross-section
Engineering stress-strain
Machine rate of 50 minin
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2D triaxial (-60/0/+60) carbon braid T700/Epon 682W resin Three plies
Bowtie specimen - Axial Shear [Shearing across 0° fibers]
2.5 unit cells in cross-section
Engineering stress versus time
Curves shifted for comparison of time-to-fail
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2D triaxial (-60/0/+60) carbon braid T700/Epon 682W resin Three plies
Bowtie specimen - Axial Shear 0° Fibers perpendicular to loading direction
2.5 unit cells in cross-section
Engineering stress versus time
Curves shifted for comparison of time-to-fail
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APPENDIX P
TRANSVERSE SHEAR DATA PACKAGE
Shearing along 0° Fibers
Summary Table
Summary Stress-strain Plots With Rate
Summary Stress-time Plots With Rate
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Transverse Shear”Data Summary
2D Triaxial Carbon T700/ Epon862W Epoxy Braid
Bowtie Specimen Configuration - 2.5 unit cells in reduced cross section
Nominal center cross-section of 12.7mm wide x 1.65mm thick

Center line Normalized Peak Engineering Locglizeq## Locg\lized## Shear# Megsured Machine Machine
panel D UDRISTL length Peak Stress St_ress to 56% Breaking Strain # Engmeermg En_guneen_ng Modulus Strain Re_ne Rate Rate
number [mm] [MPa] Fiber Volume 1] Max Strain Min Strain [GPa] Before Failure lins] [mimir]
[MPa] %] 1] [1/s]
073010-3 STB-5 093-6 9.32 186 175 0.711 - - 326 0.000282 0.00084 0.00128
073010-4 STB-4 093-7 10.9 202 197 0.752 - - 294 0.000276 0.00083 0.00127
0.0003/s 073010-5 STB-4 093-8 - 218 216 - - - - - 0.00083 0.00127 No DIC data
073010-5 STB-5 093-9 9.39 193 191 0.783 - - 25.7 0.000283 0.00083 0.00127
Average 200 195 0.749 29.2
Standard Deviation 14 17 0.036 35
COV [%] 7.02 8.76 4.82 11.9
073010-5 STB-6 093-1 8.51 214 212 1.05 - - 253 0.118 0.320 0.487
073010-5 STB-3 093-2 - 201 199 - - - - - 0.335 0.510 No DIC data
073010-5 STB-2 093-3 7.88 228 226 0.901 - - 30.0 0.095 0.335 0.510
0.05t00.1/s 073010-4 STB-3 093-4 - 242 236 - - - - - 0.335 0.510 No DIC data
073010-4 STB-1 093-5 7.37 235 229 0.824 - - 30.6 0.102 0.335 0.510
073010-3 STB-4 093-10 21.0 208 196 0.814 - - 28.8 0.0559 0.341 0.520 Wider center section
073010-3 STB-3 093-11 245 198 187 0.737 1.05 0.52 28.0 0.0496 0.336 0511 Wider center section
Average 218 212 0.864 285
Standard Deviation 17 19 0.117 21
COV [%] 7.86 8.87 135 7.28
073010-6 STB-Y-1 093-13 7.34 233 228 - - - - - 3.26 4.96 Issues with DIC
0.8/s 073010-6 STB-Y-2 093-14 7.31 238 232 0.958 1.33 0.93 28.7 0.812 3.26 4.96
073010-4 STB-2 093-18 7.62 246 240 0.759 0.80 0.63 37.2 0.753 3.26 4.97
Average 239 233 0.858 329
Standard Deviation 6 6
COV [%] 2.66 261
073010-6 STB-Y-3 093-12 7.67 208 203 0.883 - - 33.9 7.49 318 48.4 Note 1
8/s 073010-3 STB-3 093-16 8.20 237 224 0.937 0.96 - 346 7.73 31.9 48.6 Note 1
073010-3 STB-1 093-17 7.62 233 220 0.755 - - 316 7.97 324 493 Note 1
Average 226 216 0.858 334
Standard Deviation 16 11 0.093 16
COV [%] 7.02 51 10.9 4.8
(1) Shear through the short side (5mm) of the unit cell. 0° fibers parallel to loading direction.
#Based on center line strain. ## Strain as measured at a region of high strain on a fiber braid and low strain in center. Strain data from the onset of cracking and final break.

Specimen thickness varied due to the braid structure. Thickness was measured at two "peak" and two"valley" locations and averaged.
Note 1 Three to four low amplitude system resonant waves in stress response before failure. Failure stress at break depended on when failure occurred, i.e., in the peak or valley of a stress wave.
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Engineering Shear Stress [MPa]
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2D triaxial {-60/0/+60} carbon braid T700Epon 682W resin Three plies
Bowtie specimen - Transverse Shear [0° fibers parallel to loading direction]
2.5 unit cells in cross-section
Engineering shear stress-strain
Machine rate of 1.27 mm/min Measured strain rate of 0.0003/s
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Engineering shear stress-strain
Machine rate of 1.27 mm/min Measured strain rate of 0.0003/s
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Engineering Shear Stress [MPa]

Engineering Shear Stress [MPa]
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2D triaxial {-60/0/+60) carbon braid T700/Epoen 682W resin Three plies
Bowtie specimen - Transverse Shear [0° fibers parallel to leading direction]
2.5 unit cells in cross-section
Engineering shear stress-strain
Machine rate of 5 m/min  Measured strain rate of 0.8/s
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20 triaxial {-60/0/+60} carbon braid T700Epon 682W resin Three plies
Bowtie speciimen - Transverse Shear [0° fihers parallel to loading direction]
2.5 unit cells in cross-section
Engineering shear stress-strain
Machine rate of 50 m/min Measured strain rate of 8/s
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20 triaxial {-60/0/+60) carbon braid T700/Epon 682W resin Three plies
Bowtie specimen - Transverse Shear [Shearing along 0° fibers]
2.5 unit cells in cross-section
Engineering stress versus time
Curves shifted for comparison of time-to-fail
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Engineering stress versus time
Curves shifted for comparison of time-to-fail
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2D triaxial {(-60/0/+60) carbon braid T700/Epon 682W resin Three plies
Bowtie specimen - Transverse Shear [Shearing along 0° fibers]
2.5 unit cells in cross-section
Engineering stress versus time
Curves shifted for comparisen of time-to-fail

250 NOT NORMALIZED TO FIBER CONTENT
B . : 1 i
i ;ﬂ;ﬂcgme rate of 5 rmitmin ﬁwm "Jfll 1
ra I ]
o 200 . !
= i I | J
= - | | 1
i i | | :
o 150 [-] —e—sTioazs || : i
il r i
oy - -— STLO93-14 | i 1
= i STLOG3-18 l \ |
E 100 L. 18 | | ;
1 | | .
@ ]
5 Al
5 50 ol b Ml

0 '-’_'SQ‘.C"’::Z{H R R
0.01
Time [sec]

2D triaxial (-60/0/+60} carbon braid T700/Epon 682W resin Three plies
Bowtie specimen - Transverse Shear [Shearing along 0° fihers]
2.5 unit cells in cross-section
Engineering stress versus time
Curves shifted for comparison of time-to-fail
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APPENDIX Q

TUBE COMPRESSION DATA PACKAGE
Summary Table
Summary Plots
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Tube Compression Data Summary
2D Triaxial Carbon T700/ Epon862W Epoxy Braid
Average fiber content of 44.44 vol%. Nominal inner diameter of 101 mm and a wall thickness of 3.8 mm.

- j Specific Energy Specific Energy|Specific Ener Average
Lt ontop edge o S1arng Tube [ UDRISTL |Tube Weight sggszial Density W:ﬁs“r‘r’": Medl‘_zgg*""Sh Me‘éif::;i“h Non:l:::iazr;(js iLeZZ% ssugteacilfn:d CO”?;';:SW” Abfz:zj’ipn‘;"i; d":‘h storpliﬂn(z)gy storpliun(z?y Te:‘;:‘::ure M;;Tie"e Mg::iene i
Serial ID number [gm] [SArea [gm/cc] ] kN MPal Fiber Volume Crushing Stress Ratio™ failure [SEA-FM] [SEA] [SEé] During Crush mis] [min]
q. mm] [MPa] [SSCS] e[ kkg] [KIkg"2] o
1050 10322 256 627 145 583 478 762 98.8 527 036 443 559 205 002548 153
1051 103-3-1 256 629 147 557 480 76.4 100 519 037 441 524 214 002546 153
) 103-4-1 258 629 145 534 451 717 936 4956 035 410 510 185 002541 152
1.5 mimin 1053 103-5-1 253 626 147 504 122 673 80.4 4538 030 399 476 179 002546 153
10362 Set-up Initial run with a flat
1054 S 255 628 144 6.19 520 8258 106 575 039 474 505 218 - 002542 153 end. Exceed actuator
capacity. Rerun with angle cut
Average 5.60 470 749 95.8 515 035 433 533 200
Standard Deviation 044 3.66 579 9,61 429 004 296 456 175
cov (%] 7.89 778 774 100 8.32 100 6.84 8.56 87
1049 103-1-1 253 619 147 519 4756 769 925 523 034 - 196 203 296 238 143
1049 10312 253 623 147 570 506 812 977 553 036 - 541 223 252 236 142
_ 1051 10332 253 629 145 543 472 75.1 98.7 519 036 - 51.9 212 233 236 142
140 mimin 103-4-2 235 619 145 489% 501 809 106 559 039 - 557 206 - 238 143 | Seprun benghshorterby
1055 10372 253 621 143 514 449 724 953 50.8 035 R 505 201 173 237 142
103-9-1 255 614 144 543 467 759 95.0 527 035 - 533 210 362 236 141
Average 537 4758 771 974 532 036 525 209 263
Standard Deviation 0.22 214 3.44 455 201 0.02 230 0.81 71
cov (%] 415 45 45 467 3.77 267 437 389 27
1050 103-2-1 255 631 145 497 430 68.1 842 471 031 . 473 186 254 7.35 441
1053 103-52 255 625 147 536 459 735 90.9 50.0 034 - 50.7 200 40;:0[:1"::;1]“ 736 241
440 mimin 1054 103-6-1 253 622 144 489 420 675 836 46.9 031 . 474 184 254 7.34 440
1057 103-8-2 256 633 144 539 453 715 885 4956 033 R 513 200 308 734 440
103-9-2 254 615 144 485 402 65.4 8138 454 030 - 477 181 289 7.35 441
Average 433 69.2 85.8 478 032 489 190 276
Standard Deviation 235 324 3.77 1.95 0.01 195 0.94 27
cov [%] 543 469 439 408 439 3.98 496 10
150 m/min .
o 1085 103-7-1 255 622 143 510 434 69.7 917 489 034 - 500 196 311 237 142 No crack initiator

*Load/Stress measured over a region from 25 mm net zeroed displacement up to stroke limit.

#Out to 98mm.Not included in avgerage.

** Normalized to 56% fiber volume. Ultimate strength of 271 MPa.

The displacement was zeroed at a value of 40 kN normalized load. All failures at 1.5 m/min were a combination of folding and tearing, with the exception of 103-6-2. Failure for 103-6-2 was all by folding.

The specimen thickness varied due to the braid structure. The measured thickness was an average of "peaks" and "valleys" from three locations along the length of the original tube.

1) SEA calculated using Es= Work/(area*density*[actuator displacment + displacement of folded length])

2) SEA calculated using  Es= Work/(area*density*total actuator displacement)

4

Allbut one of the

1s had the peak

)
3) SEA for design purposes Es=Work(displacement at peak - displacement at end)/(mass of tube*displacment at end) Adjusted for fan-fold length at 1.5 m/min.
) e exceed the calibration curve limit of 200°C. Peak data are estimated using the calibration correlation equation.
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NORMALIZED LOAD vs. ACTUATOR DISPLACEMENT

140 —8— 1.5 mimin (0.025 mis)
R T TR — | M 1.5 mmin [0.025 mds)
e ; —&— 1.5 mimin (0.025 mis)
1 } - = - 140 mimin (2.4 mis)
— =120 i - O 140 m/min (2.4 m/s)
E % :'. i -=2— 140 mimin (2.4 m/fs)
= _“ - -w— 440 mimin 7.4 mis)
o 100 B A -~ 440 mimin (7.4 mfs)
b dih - ¥— 440 mfmin (7.4 mfc)
9 Y -
= & :
o
o £ 60
r o i
a8 40 R
=8 S
Q E R !
05 oo
=, 20 i
l' ! Mominal tube dimensions: 266 mm long x 3.8 thick x 101 mm inner diameter
0 Lo A i A | ]

0 20 40 60 80 100 120
Zeroed Straoke [mim)
(Zeroed at 40 kN)

NORMALIZED LOAD vs. ACTUATOR DISPLACEMENT
1.52 m/min

120

—103-2-2
-8— 103-3-1

-— 103-4-1
- -~ - 103-541
| I + :
gl =l
A P [
L] | 5 ' -‘ 11

ke
=
o

@D
o

a
=]

bJ
o

COMPRESSIVE LOAD [kN]
[Normalized to 56% fiber volume]
o
=

Tube folding in all specimens to some extent.

L Mominal tube dimensin:inns: 266 mm Ining ¥ 3.8 thickix 101 mm inner diameter ]|
a A O T N -t LN N N GO 0 N < O N o O 0 M
0 20 40 60 80 100 120
Zeroed Stroke [mim]

(Zeroed at 40 kM)

Q-3

- A-222 -



Investigation of Opportunities for Lightweight Vehicles Using Advanced Plastics and Composites

NORMALIZED LOAD vs. ACTUATOR DISPLACEMENT
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Compressive Engineering Stress [MPa]

200

150
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50

20 triaxial {-60/0/+60) carbon braid T7T00/Epon 682W resin Three plies
Tube Axial Compression - 0° fibers parallel to loading direction
Compressive stress-strain
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