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CONVERSION FACTORS

U.S. Customary Units to SI Units

Quantity Multiply By To obtain
Length inch (in.) 2.54 x 102 meter (m)
Force pound (Ib) 4.448 newton (N)
Stress pound/inch2 (psi)* 6.895 x 106 pascal (Pa)
VelocityA foot/second (ft/s) 0.3048 meter/second (m/s)
Temperature  temperature (°F — 32) 0.5556 temperature (°C)

*ksi = 103 psi; Msi = 106 psi.
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PREFACE

It is hoped that this proposed design criteria document for a single candidate antomotive structural
composite will provide the nucleus for a full-scale design guide as additional composites are added and as
guidance from composite designers is incorporated. Comments and suggestions for modifications and
improvements are eagerly solicited. They should be sent to the following address: '

J. M. Corum

Oak Ridge National Laboratory
Post Office Box 2009

Oak Ridge, Tennessee 37831-8051
Fax: 423/574-0740

Internet: jcp@ornl.gov
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- DURABILITY-BASED DESIGN CRITERIA FOR AN
AUTOMOTIVE STRUCTURAL COMPOSITE:
PART 1. DESIGN RULES

J. M. Corum, W. Ren, R. L. Battiste, M. B. Ruggles, C. R. Brinkman, and G. T. Yahr

ABSTRACT

This proposed durability-based design criteria document for an automotive structural composite is the
result of a U.S. Department of Energy Advanced Automotive Materials project entitled “Durability of
Lightweight Composite Structures.” The overall goal of the project is to develop experimentally based,
durability-driven design guidelines for automotive structural composites. The project is closely coordinated
with the Automotive Composites Consortium (ACC). The initial reference material addressed by this
document was chosen and supplied by ACC. The material is a structural reaction injection-molded
isocyanurate (urethane), reinforced with continuous-strand, swirl-mat E-glass fibers.

The durability issues addressed include the effects of cyclic and sustained loadings, temperature,
automotive fluid environments, vibrations, and low-energy impacts (e.g., tool drops and roadway kickups)
on deformation, strength, and stiffness. This criteria document provides design analysis guidance, time-
independent and time-dependent allowable stresses, rules for cyclic loading, and damage-tolerance design
guidance. Environmental degradation factors and the degrading effects of prior loadings are included. A
companion document, Part 2: Background Data and Models (ORNL-6931), provides the underlying
experimental data and models for the reference composite.

Included in Part 2 is a chapter on static and fatigue tests of subscale components. These tests, and
associated analyses, provided a means of assessing, and demonstrating the reasonableness of, several of the
basic rules in Part 1. A more comprehensive design example is being planned in which a realistic
component will be designed by the rules presented here and then structurally tested. The example will
touch on most of the conditions covered by the rules.

It is anticipated that the design criteria framework presented here will be adaptable to other
automotive structural composites, including those made by manufacturing processes other than liquid
molding and containing reinforcements other than continuous-strand glass mats. Efforts are currently under
way to generate the information to add two composites: one reinforced with chopped, directed glass fiber
and one reinforced with carbon fiber.

1. INTRODUCTION

1.1 GENERAL

This durability-based design criteria document is intended to eventually apply to a variety of
automotive structural composites—both glass- and carbon-fiber-reinforced. This initial version is based on,
and is thus applicable to, a single reference material—a urethane reinforced with a glass-fiber continuous-
strand mat (CSM). This reference material has been extensively characterized and modeled from a
durability standpoint by the U.S. Department of Energy (DOE) project entitled “Durability of Lightweight
Composite Structures for Automotive Applications™ at the Oak Ridge National Laboratory (ORNL).

This Part 1 document provides detailed rules and guidelines for (1) the properties to be used in
structural analyses, (2) design allowables for static loadings, (3) design rules for cyclic loadings, and
(4) damage tolerance design for low-energy impacts. In each case, the range of automotive environments is
taken into account. A final chapter condenses the more detailed rules into a simplified set of rules



consisting of knockdown factors applied to static properties. Both the detailed and simplified rules are
intended to ensure the long-term (15-year) durability of automotive composite structures.

A companion document, Part 2: Background Data and Models (ORNL-6931), provides the durability
information on which this Part 1 document is based. Part 2 includes 16 position papers (chapters), each
covering key topics. Frequent reference is made here to those position papers by referring to the appropriate
chapter of Part 2.

1.2 REFERENCE MATERIAL

The reference material is a structural reaction injection-molded (SRIM) isocyanurate (polyurethane)
reinforced with continuous strand, swirl-mat E-glass. The isocyanurate resin is DOW MM364, and the
reinforcement is Vetrotex Certainteed Unifilo U750. This initial reference material was chosen by the
Automotive Composites Consortium (ACC) and supplied in the form of 25 x 25 x 1/8-in.-thick plaques.
Five layers of mat were used in each plaque, resulting in a fiber content of about 25% by volume
(40-50% by weight).

Although the CSM used in the reference material is intended to be nearly isotropic, the properties do
vary (see Chap. 3 of Part 2). For example, the elastic modulus in the 0° direction (parallel to the roll
direction of the original glass mat) is, on average, 18% less than the 90° value. Strengths vary in an
analogous manner. Generally, values and allowables in this document are based on the weaker 0°-direction
properties. ‘

Chapter 17 of Part 2 contains a discussion of the observed damage development and growth process
of the reference material under various loadings and environments.

1.3 LOADINGS AND ENVIRONMENTS

From a durability standpoint, it is assumed here that an automobile with a composite structure must
last for 15 years (131,500 h) and 150,000 miles. It is further assumed that during the 15 years, the vehicle
will actually be operated between 3000 and 5000 h (at an average speed of 30 to 50 mph).

The design temperature range is assumed to vary from a minimum of —40°F to a maximum of 250°F,
with the higher temperatures occurring only during operation.

In addition to functional stiffness and deformation requirements, structures must support and resist a
variety of live and dead loads. During operation, for example, live loads might include a combination of
pothole impact, hard turn, and maximum acceleration. Dead loads during the 15-year life would include
those from the weight of the vehicle or, more importantly, sustained loads in the bed of a light truck.

Structures will also be subjected to common vehicle fluids and operating atmospheres, and design
limits must take the resulting property degradation into account. Fluids and atmospheres considered here
include distilled water and saltwater, high-humidity air [>90% relative humidity (RH)], windshield washer
fluid, engine coolant, motor oil, brake fluid, gasoline, and battery acid. In addition, motor vibrations were
considered because they can degrade long-term creep properties.

Finally, composite automotive structures must be designed to resist damage from routine low-energy
impacts, such as roadway kickups, tool drops, and, in the case of a pickup box, dropped bricks and cattle
hooves.

14 DESIGN APPROACH

It is assumed that design analyses will primarily be elastic finite-element plate and shell analyses
providing, in addition to deformations, normal membrane and bending stresses plus shear in the relatively
thin molded sections. Chapter 2 provides the required elastic constants for analysis, including the degrading
effects of environments and prior loadings. Chapter 2 also provides a creep equation, together with factors
to account for temperature and environment, and references to a constitutive model that can be used to
predict time-dependent creep and recovery. More practicably, pseudo-time-dependent modulus values are
provided for use in simplified elastic analyses for approximately predicting creep deformations.



1.5 DEFINITIONS

Elastic modulus

Time-dependent “pseudo elastic modulus™

Maximum indentation force during an impact

Shear modulus [E = 2G(1 + v) for an isotropic material]
Mass of impacting object '
Number of applied fatigue cycles of a given stress
Number of allowable design cycles for a given stress
Calculated membrane stress components at a point in the plane of a plate or shell structure
Calculated bending stress components at a point

Ratio of minimum to maximum stress in a fatigue cycle
Maximum stress intensity derived from stress components at a point (algebraically maximum
minus algebraically minimum principal stress)

Stress concentration factor

Minimum creep-rupture strength at a given time

Basic short-time allowable stress intensity (time t = 0)
Time-dependent allowable stress intensity ‘
Time at a given stress

Allowable design time at a given stress

Ultimate tensile strength

Velocity of impacting object

Normal stress

Average creep-rupture strength at a given time

Stress amplitude in a fatigue cycle

Mean stress in a fatigue cycle

Stress amplitude in a completely reversed fatigue cycle
Poisson’s ratio

Indentation during an impact
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2. DEFORMATION AND STIFFNESS PROPERTIES
FOR DESIGN ANALYSES

2.1 GENERAL

The properties of the CSM reinforcing used in the reference composite are intended to be nominally
isotropic in the plane of the mat. Manufacturing variables, however, resulted in fewer fibers oriented in the
direction of the roll (0° direction) than transverse to it (90° direction). To accentuate this anisotropy in the
reference composite plaques, the mat layers were oriented so that the weaker 0° directions coincided. As a
result, all of the properties—stiffness, strength; fatigue, and creep—vary from the 0° to 90° direction. As
stated in the previous chapter, the 0° elastic modulus is, on average, 18% less than the 90° value.

In this criteria document, the composite is treated as isotropic in the plane of the plaque. Further, the
weaker 0° values are assumed to apply.

For an orthogonally anisotropic material that is isotropic in one plane, there are five independent
elastic constants—two associated with the plane of the isotropy and three associated with the direction
normal to that plane (see Chap. 2 of Part 2). In this case, the in-plane constants are taken as the modulus of
elasticity, E, and Poisson’s ratio, v. The in-plane shear modulus, G, is then given by

_E
20 +v)

The other three constants are associated with the direction transverse to the plane of the plaque and
are an E, G, and v value.

At room temperature, the in-plane values are taken to be E = 1.37 Msi , and v = 0.31. These result in
a calculated in-plane G value of 0.52 Msi.

As long as the stresses in the transverse direction (normal to the plane of the composite) are ignored,
as they are in thin plate and shell analyses, only the in-plane properties are required. It should be realized,
however, that this simplification does affect the accuracy of predicted transverse deformations (thickness
changes). Also, although using only elastic properties for the weaker 0° direction will result in conservative
deformation predictions for load-controlled situations, predicted stresses in deformation-controlled
situations (e.g., discontinuity stresses, thermal stresses) may be unconservative. '

2.2 ELASTIC CONSTANTS FOR DESIGN
2.2.1 Basic Values

The recommended average room-temperature elastic modulus, E, value for design with the reference
composite is 1.37 Msi, and Poisson’s ratio is 0.31. While Poisson’s ratio is considered to be constant with
temperature, E varies linearly according to the multiplication factor in Fig. 2.1. Values of E at various
temperatures over the automotive design range are given in Table 2.1. These values may need to be reduced
in accordance with the following two subsections.

The stiffness values in Table 2.1 are from tensile tests. Although compressive stiffness values are the
same as tensile values at room temperature, compressive values drop much faster with increasing
temperature than do tensile values (the same is true of compressive strength). These observations dictate
that a part adjacent to a major heat source should not be in compression or, if it is, that it be provided with a
heat shield or other form of heat protection.*

*See the following reference for information on the effects of temperature on properties of a urethane resin
composite: D. Q. Houston and C. F. Johnson, “Correlating Composite Environmental Testing to Service,” pp. 249-257

in Advanced Composite Materials: New Developments and Applications Conference Proceedings, Detroit, Sept. 30—
Oct. 3, 1991.
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Fig. 2.1. Multiplication factor for determining strength and stiffness at gi&en temperature from
room-temperature values.

Table 2.1. Modulus of elasticity at various temperatures

Temperature Factor E (Msi)
(OF) B
—40 1.21 1.66
70 1.00 1.37
135 0.88 1.21
190 0.77 1.05
250 0.65 0.89

2.2.2 Environmental Effects

Chapter 5 of Part 2 presents data on the effects of moisture and other fluids on stiffness. A stiffness
loss of 17% is recommended to bound environmental effects. The value is based on the following equation
that gives the percentage loss in stiffness and ultimate tensile strength (UTS) following a water soak at
room temperature for a given time, t, in hours.



Percentage loss = 3.44 log 10 t+3.44 . 2.1

A 17% loss corresponds to 1 year (8760 h).
The 17% value is thought to adequately cover moisture effects, even under design loads. It should
also adequately cover the effects of other fluids, including battery acid, for soak times up to 6 months.

2.2.3 Prior Loading Effects

Prior loadings can produce internal microstructural damage that is manifest as a reduction in stiffness.
Data on these reductions are presented in Chap. 12 of Part 2. The findings reviewed there are summarized
below. :

» A single tensile loading to 0.67 UTS, which is the specified design allowable, produces a stiffness
reduction on subsequent loading of 6.9%.

e Fatigue cycling to 5% of cyclic life, which is the specified design limit (design margin of 20 on cycles
to failure), produces a stiffness loss of 10% or less.

* Prior creep does not reduce subsequent stiffness.

On the basis of these findings, it is recommended that a 10% stiffness reduction be used to account for
prior loadings.

2.3 CREEP BEHAVIOR FOR DESIGN

In the case of long-term sustained loadings—either those associated with the 3000- to 5000-h
operating life of an automobile or the 15-year overall life—creep deformations may become important and
need to be accounted for in design analyses. This can be done at one of three levels of sophistication:

¢ using a time-dependent “pseudo-elastic modulus” in an elastic analysis,

® using a creep equation in an inelastic analysis, or

e using an appropriate constitutive model derived for the material that can predict the effects of changing
load levels as well as recovery strains upon unloading.

Guidance for each is given here and in Part 2.
2.3.1 Basic Creep Equation

The average time-depéndent creep response (loading strain subtracted out) of the reference composite
at room temperature in air at 50% RH is reasonably well represented by the following creep equation (see
Chap. 7 of Part 2):

£° = (0.00507 ¢)10-196 22)

where

€= creep strain (%),
o = applied stress (ksi),
t= time (h).

This relation is linear in stress and holds reasonably well up to a stress of 14 ksi.* Figure 2.2 shows
the creep curves predicted by Eq. (2.2). These curves are good for both tensile and compressive creep.

* As shown in Chap. 16 of Part 2, the creep response starts to depart slightly from linearity at a stress less than
6 ksi. The linear assumption used in Eq. (2.2) is thought, however, to be adequate for design.
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The effect of temperature on creep is to multiply the creep strains predicted by Eq. (2.2) by a simple
factor, which is shown in Fig. 2.3 for the automotive design temperature range and given in Table 2.2 for

selected temperatures. v
The adjusted creep equation is limited to the following maximum stresses:

Temperature Maximum stress
(°F) (ksi)
<75 14
135 12
190 10
250 ' 7.5

Note that while tensile and compressive creep are equal at room temperature, compressive creep
becomes larger at elevated temperatures. No in-air data are available, but tests at higher stresses (11 and
12 ksi) in distilled water at 135°F show compressive creep strains up to twice those in tension.

ORNL-DWG 97-142074 EFG
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Table 2.2. Temperature multiplication

factors for creep
Temperature
Creep factor

(F) P
~40 0.65

75 - 1.00
135 1.24
190 ’ 1.52
250 1.88

2.3.2 Isochronous Stress-Strain Curves

Isochronous stress-strain curves, which show the total strain at a given time corresponding to a
constant applied stress, are often used to approximately predict creep effects. Although not rigorous, an
isochronous curve for a given time can often be used in an elastic-plastic analysis to predict creep
deformations reasonably well. Isochronous curves, for this purpose, are given in Fig. 2.4. An equation is
also provided.

Because creep is linear with stress at the lower stress levels, the isochronous curves exhibit a “pseudo-
elastic” region. The slopes of these linear regions can be viewed as time-dependent moduli and used in
elastic analyses to approximately predict creep effects. Values of these time-dependent moduli, E¢, are
tabulated in the inset of Fig. 2.4.

2.3.3 Environmental Effects

Chapter 7 of Part 2 develops multipliers on creep strain that, in a manner similar to the temperature
multipliers, can be used to estimate the enhanced creep because of submersion in various automotive fluids.
In all cases, the factors were derived from tests in which specimens were preconditioned for 100 h and then
tested in the fluid of interest. The factors are given in Table 2.3.

A factor of 1.6 adequately covers all cases except battery acid and is recommended for design use.
Use of this factor with the creep equation is limited to stresses of 8 ksi and below.

Note that the inverse of this creep strain multiplier (0.63) can be used conservatively as a multiplier
on the time-dependent moduli tabulated in Fig. 2.4." Likewise, the inverse of the temperature factor given
in Sect. 2.3.1 can be conservatively used for E;. '

Another automotive environmental effect that has been explored is motor vibration superimposed on
steady creep loads. Aithough these superimposed vibrations shorten creep-rupture life (see Chap. 8 of Part
2), they have not been found to affect creep deformations. Thus, no multiplying factor is needed for motor
vibrations.

*The time-dependent moduli are given by Et = E EJ/(E + E), where E is the time-independent elastic modulus
and Ec is the time-dependent creep modulus. As described in Sect. 2.2.2, the multiplier on E is 0.83. Use of the single
factor, 0.63, is conservative. Alternatively, the two separate factors can be used with the above formula.
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Table 2.3. Creep-strain multipliers
for immersion in various automotive

environments
Environment Multiplier on
creep strain
Distilled water 1.60
Motor oil 1.05
Brake fluid 1.30
Windshield wash 1.50
Saltwater 1.50
>90% RH - 1.55
Battery acid 1.65




3. MULTIAXIAL STRENGTH CRITERION—
EQUIVALENT STRESS

~ The allowable design limits recommended here are stress based. For design it is convenient to have a
single equivalent quantity representing the multiaxial stress state at a point in the structure and time in the
loading history. The equivalent stress used here is the stress intensity, S.

The equivalent intensity of combined stresses, or stress intensity, is defined as twice the maximum
shear stress and is equivalent to the difference between the algebraically largest principal stress and the
algebraically smallest principal stress at a given point. Tensile stresses are considered positive, and
compressive stresses are considered negative.

The stress intensity is based on the maximum shear stress theory of failure, which, for the reference
composite, has been shown to conservatively describe multiaxial failure conditions (see Chap. 6 of Part 2).
Figure 3.1 shows average failure points in tension, compression, and in-plane shear for the reference .
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Fig. 3.1. Comparison of maximum shear stress criterion with average failure points in tension,
biaxial tension, compression, and shear for the reference composite.
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material. Also shown is the maximum shear stress criterion passing through the average uniaxial tensile
strength in the weaker 0° direction. The criterion conservatively predicts all the other failure points. Thus,
limiting the calculated stress intensity to an allowable uniaxial tensile stress (derived from the weaker 0°
direction) ensures that compressive and shear stresses also do not exceed their respective limits.

The area labeled “design space” in Fig. 3.1 is based on an allowable stress that is two-thirds of the
minimum UTS. This design margin is discussed in Chap. 4.

The maximum shear stress criterion is assumed to conservatively apply to fatigue and creep rupture as
well. Thus, the stress intensity, previously defined, is used for evaluating sustained and cyclic loadings as
well as short-time loads. Compressive fatigue tests show a strength higher than for tension at room
temperature (see Chap. 11 of Part 2). Likewise, compressive creep-rupture strength at room temperature is
equal to tensile strength (see Chap. 9 of Part 2). No shear or combined stress-state fatigue or creep-rupture
data exist, however.
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4. DESIGN ALLOWABLES FOR STATIC LOADINGS

4.1 SHORT-TIME ALLOWABLE STRESS INTENSITY, Sg

The basic short-time allowable stress intensity used here is based on the minimum UTS in the weaker
0° direction. This minimum room-temperature value for the reference composite is based on statistical
treatment of the 185 0° UTS values, reported in Chap. 3 of Part 2, such that the survival probability is 90%
at a confidence level of 95%. This is the “B-basis stress” used in MIL-HDBK-17.! Assuming a normal
distribution, the minimum is defined as

0

UTSmjn = UTSavg - K(SD) ’ . (4. 1)

where SD is the sample standard deviation and K = 1.457 for a population of 185, the number of 0° tensile
tests reported in Chap. 3 of Part 2. The resulting room-temperature values are

UTSavg = 21.3 ksi,
SD = 2.67 ksi, and
UTSmin = 17.4 ksi.

The basic time-independent allowable stress intensity, Sq, is defined as two-thirds UTS . At room
temperature, Sg thus becomes Sg = 11.6 ksi.

Values for other temperatures are obtained by using the multiplier previously given for both snffness
and strength in Fig. 2.1. Values for Sg at various temperatures are given in Table 4.1.

For environmental effects, the same 17% reduction recommended in Chap. 2 for stiffness holds for
strength.” For the effects of prior loads, only cyclic loadmgs reduce subsequent strength. That reduction is
limited to 1.5% with the design factor of 20 that is used on cycles (see Chap. 12 of Part 2). Taken together,
environmental effects and prior cyclic loadings reduce Sg to the values shown in Table 4.2,

Table 4.1. Sg values at
various temperatures

Temperature  Sg
°BF) (ksi)

—40 141

20 12.7

70 11.6

135 10.2

190 8.9

250 7.6

*Chapters 4 and 5 of Part 2 indicate that environmental degradation in compression and shear is no worse than in
tension at room temperature. Thus, the degraded Sg values given in Table 4.2 are believed to cover all stress states at
normal temperatures.
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~ Table 4.2. Sy values degraded
by environment and prior

cyclic loading
Temperature So
(°F) (ksi)
-40 11.5
20 104
70 9.5
135 83
190 74
250 6.2

4.2 TIME-DEPENDENT ALLOWABLE STRESS INTENSITY, S¢

For time-dependent loadings, creep-rupture stress is the basis for allowable stresses, provided that So
is not lower than the creep-rupture-derived values. The following design margin is used:

08S;,

where S;is the minimum creep-rupture strength.

" For the reference composite, minimum tensile creep-rupture values were determined as described and
reported in Chap. 8 of Part 2. Compressive creep-rupture strengths are equal to tensile strength values at
room temperature. No elevated-temperature, in-air compressive creep-rupture results are available.
However, at elevated temperatures in water, the compressive values are less (see Chap. 9 of Part 2).

A time-dependent allowable stress intensity, Sy, is defined as

So
S. < . 42
t710.8 Sr 4.2

Values of S; without environmental effects are tabulated in Table 4.3 and plotted in Fig. 4.1. Values
are truncated at 5000 h when they are associated only with operating conditions. The creep-rupture based
values in Table 4.3 were obtained from Table 8.2 in Chap. 8 of Part 2 by multiplying the normalized values
there by 21.3 ksi, the average room-temperature UTS.

Table 4.3. Allowable stress intensity values, S¢ (ksi) without environmental effects

Temperature Time
P Oh 10h 1000h  3000h 5000k  1year 15 years
-40 14.1 11.9 11.1 109 10.8 10.7 10.3
20 127 119 11.1 109 10.8 10.7 103
70 11.6 11.6 11.1 109 . 108 10.7 10.3
135 102 102 10.2 102 10.1 10 9.6
190 9 9 9 8.8 8.7

250 7.6 6.8 6.0 5.9 58

42
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Fig. 4.1. S; values without environmental effects.

The effects of temperature and environment on creep-rupture strength are given by the stress
multipliers in Table 4.4 (see Chap. 8 of Part 2). Use of the shaded values (for tensile creep rupture in 135°F
distilled water), with 0.51 used for 1 year and 15 years, bounds everything but battery acid and three hot
water cases. Values of S; with the shaded environmental degradation values incorporated are tabulated in
Table 4.5 and plotted in Fig. 4.2. The time-dependent values in this figure and table are reduced by an
additional 3% to account for the maximum effect of prior cyclic loads (see Chap. 12 of Part 2).



Table 4.4. Temperature and environmental effects on creep-rupture strength

(Factors for conditions associated with operation are truncated at 5000 h)

Environment? Time
10h 1000 h 3000 h 5000 h 1 year 15 years

Room-temperature air/50% RH 1 1 1 1 1 1

(T and C)
20°F air 1 1 1 1 1 1
135°F air 0.99 0.99 0.99 0.99 0.99 0.99
190°F air 0.91 091 0.91 091
250°F air 0.66 0.65 0.65 0.64
Room-temperature air/<10% RH 1 1 1 1 1 1
Room-temperature air/>90% RH 0.86 0.68 0.65 0.63 0.61 0.53
Room-temperature distilled

water (T and C), saltwater, 0.62 0.54 0.52 051

windshield wash, engine

coolant

135°F distilled water (T) 61 _ 5

135°F distilled water (C) 0.53 041 0.38 0.37

190°F distilled water (T) - 0.31 0.19 0.17 0.16

190°F distilled water (C) 0.12 0.05 0.05 0.04
Motor vibration 1 0.92 0.9 0.89
Brake fluid 0.87 0.77 0.75 0.74 0.73 0.68
Motor oil 0.98 0.93 0.92 091 0.91 0.88
Battery acid 0.35 0.19 0.17 0.16

4T = tension, and C = compression.

Table 4.5. Allowable stress intensity values, Sy (ksi) with bounding environmental and
prior load effects (hot water and battery acid are not covered) ‘

Temperature Time

CF) Oh 10h 1000h  3000h  5000h  lyear 15 years

—40 115 7.0 5.7 53 53 53 5.0
20 10.4 7.0 57 5.3 53 5.3 5.0
70 9.5 7.0 57 53 53 53 5.0

135 83 70 5.3 5.0 4.9 49 4.8

190 7.4 6.1 46 4.4 43

250 6.2 43 3.1 2.9 2.9
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Fig. 4.2. S; values with bounding environmental and prior loading effects.

The Sq and St values establish limits on allowable in-plane membrane stress intensities, P. For out-of-
plane bending away from geometric discontinuities, the membrane plus bending stress intensities, P + Q,

are limited to

P+Q<1558; .

The flexure tests on which this higher limit is based are discussed in Chap. 3 of Part 2.
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Geometric discontinuities include corners and bends. Here, the fiber distribution across the thickness
of a composite plate or shell structure is likely to be less uniform. Even more importantly, when the inside
surface of bends is in tension, a new failure mode (e.g., delaminations) is introduced (see Chap. 15 of
Part 2). In these cases, the membrane plus bending stresses are limited as follows:

P+ Q £0.8 S (at discontinuities) . 44

4.3 TREATMENT OF INCREMENTS OF SUSTAINED LOADS

stress levels, th st
damage. The sum of the use fractions associated with the primary plus ben
of loading shall not exceed a value of 1.0.
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Here, t; is the specified duration of a given load increment i, and Tyg; is the allowable time for the stress
intensity associated with that load increment.
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5. DESIGN LIMITS FOR CYCLIC LOADINGS

5.1 BASIC FATIGUE DESIGN CURVES

Design fatigue curves are shown in Fig. 5.1. These curves are derived from average fatigue curves, as
described in Chap. 11 of Part 2, by placing a margin of 20 on cycles to failure. This margin is believed to
adequately cover data scatter, and, as shown in Chap. 10 of Part 2, it limits stiffness degradation during
cycling to 10% or less, on average. The curves are applicable to temperatures over the range from —40 to
250°F. It is necessary only to multiply the ordinate, which is given as a percent of UTS, by the appropriate
average UTS at the temperature of interest. The average room-temperature value is 21.3 ksi. At other
temperatures UTS can be obtained by multiplying the room-temperature value by the appropriate factor
from Fig. 2.1 or Table 2.1. Values are given in Table 5.1.
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Fig. 5.1 Design fatigue curves. Curves are applicable to temperatures over range from ~40 to 250°F
when the normalized stress is multiplied by the average UTS at maximum temperature during the cycle.
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Table 5.1. UTS at various
temperatures

Temperature Average 0° UTS

°F) (ksi)
—40 25.8

70 213
135 18.7
190 16.4
250 13.8

The curve labeled R = 0 in Fig. 5.1 is derived from tensile fatigue test data obtained at an R ratio
(minimum stress in the cycle divided by maximum stress) of 0.1. It can be used directly to evaluate design
cycles that have stresses alternating between zero and a maximum value.

The R = -1 curve in Fig. 5.1 is derived from completely reversed cyclic tests (zero mean stress). It can
be used directly for design cycles that are completely reversed. It also is to be used to evaluate other cycles
with a fixed mean stress, as described in the next section.

5.2 TREATMENT OF MEAN STRESSES

For cycles with a fixed mean stress, the mean stress effect is to be incorporated by a modified
Goodman relation (see Chap. 11 of Part 2):

G, = oo(l - ;11] , G.1)

where

G, = the allowable stress amplitude for the cycle with a mean stress,
O, = the allowable stress amplitude (also maximum allowable cyclic stress) at the same number of
cycles from the R = -1 curve in Fig. 5.1,
Om = mean stress in the cycle,
O = the minimum creep-rupture strength, S, for the total time of the load cycles.

* Values of Or = Sp are plotted in Fig. 5.2. Conservatively, a G; value corresponding to 5000 h (the
assumed longest vehicle operating time) may be used. Those values of G, are given in Table 5.2.

5.3 ENVIRONMENTAL EFFECTS

Table 5.3 gives environmental fatigue stress-reduction factors. These factors were obtained, as
described in Chap. 11 of Part 2, from tests at R = 0.1. Specimens were presoaked in the indicated fluids for
100 h (with one exception) and then tested in the same ﬂmd These factors should be used to reduce the
allowable design stress levels in Fig. 5.1.

A single factor of 0.7 for environmental effects covers everything except battery acid and the long-
term hot water exposure and thus can be conservatively used.
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Table 5.2. ¢, at 5000 h for use in

modified Goodman relation
Temperature o for 5000 h
(°F) (ksi)
401070 13.5
135 12.6
190 . 10.9
250 73




Table 5.3. Fatigue stress-reduction factors for various
automotive fluid environments

Cycles
Fluid 1x102  1x104 1x106 1x108
Air 1.00 1.00 1.00 1.00
Brake fluid 1.00 1.00 0.99 0.94
Motor oil 1.00 0.98 091 0.84
Engine coolant 1.00 1.00 0.87 0.71
Saltwater 1.00 0.95 0.86 0.78
Distilled water . 095 0.90 0.85 0.81
Windshield wash 1.00 0.97 0.84 0.73
180°F water, 1080 h 0.64 0.69 0.74 0.80
Battery acid 1.00 0.73 0.50 0.34

54 TREATMENT OF VARYING STRESS AMPLITUDES

* For varying stress amplitudes, Miner’s rule should be used to account for cumulative fatigue damage
(see Chap. 11 of Part 2). For a design to be acceptable, the fatigue damage should satisfy the following
relation:

s l) <10, (5.2)
i[Nd i

where n; is the number of specified cycles for cycle type i and Ng; is the number of design-allowable cycles
for cycle i determined from one of the design fatigue curves (Fig. 5.1) corresponding to the maximum
temperature of the cycle.

5.5 FATIGUE EVALUATION PROCEDURE

The following fatigue analysis procedure shall be used. For each cycle type, i, determine, for each
point in the structure, the maximum stress intensity and, at a different time in the cycle, the minimum stress
intensity. The algebraic difference between these two values yields the maximum possible stress range. The
mean stress is the average of the two values, and the amplitude is one-half the stress range. The ratio R is
formed by dividing the minimum stress intensity by the maximum stress intensity.

This procedure is not rigorous because the principal stress axes may rotate during the cycle. However,
it is believed to be conservative because it results in the maximum stress intensity range.

The design fatigue curve corresponding to the maximum temperature of the cycle shail be used to
determine Ng.
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6. DAMAGE TOLERANCE DESIGN FOR LOW-ENERGY IMPACTS
AND OTHER DEFECTS -

6.1 GENERAL REQUIREMENTS

A two-part design assessment approach is recommended:

1. Assume the presence of a 0.25-in.-diam circular hole in the worst possible location of the structure.
Analytically assess the structure with the hole. A calculated local stress concentration factor (SCF)
greater than 1.1 need not be considered (see Chap. 14 of Part 2). However, the effects of the lost area
must be taken into account. This evaluation will ensure that the structure can tolerate minor impacts and
structural flaws at least up to a size of 0.25 in., no matter where they are located. The logic for this is
discussed in Chap. 14 of Part 2.

2. For specified low-energy impacts such as roadway kickups, tool drops, and load drops in a pickup truck
box, the procedures described in the following sections may be used to assess damage tolerance for
damage areas larger than that corresponding to a2 0.25-in.-diam hole.

6.2 DETERMINATION OF DAMAGE AREA

For a given object of mass, m, impacting the structure with a velocity, v, in the most highly stressed
location, away from structural discontinuities, determine the impact damage from the “design” curve in
Fig. 6.1. The design curve is the upper bound of test data generated from air-gun and pendulum impact tests
on clamped 8-in.-diam by 1/8-in.~thick circular plates of the reference material. Development of this design
curve and its applicability to real events, such as bricks dropped in a pickup box, are discussed in Chap. 13
of Part 2. The curve has been experimentally shown to cover a variety of variables, such as impactor size
and mass variations, different environments (prior specimen soaks in water at various conditions and severe
exposure to battery acid), and impacts at a temperature of —40°F.

As an alternative to the use of Fig. 6.1 to determine damage area, the following procedure involving
dynamic structural analysis may be used. This procedure allows the characteristics of the impacting body
and of the impacted structure to be taken into account. These characteristics are used in a thick-shell,
dynamic time-response analysis, using a finite-element analysis program such as ABAQUS. Such an
analysis provides the maximum contact force, which can be used with Fig. 6.2 to estimate the damage area.
The basis of this approach is described in Chap. 13 of Part 2.

In the analytical procedure previously described, the local indentation behavior of the composite must
be taken into account. The experimentally determined indentation behavior is shown in Chap. 13 of Part 2
to be governed by the classical Hertzian contact law:

F=Kals | 6.1

where F is the indentation force (Ib), ¢ is the indentation (in.), and K is an experimentally determined
constant having a value of 17.0 for the reference composite. The Hertzian law is included in the analysis by
attaching a nonlinear spring to the structure at the pomt of contact. The impacting object strikes the spring,
which in turn transfers energy to the structure

6.3 DETERMINATION OF STRENGTH AND STIFFNESS DEGRADATION

The damage area, predicted by one of the methods of Sect. 6.2, can either. be factored into the
structural evaluation as an equivalent circular hole, or the degradation in strength can be estimated as
specified in the following paragraph. If the equivalent circular hole approach is used, a local SCF greater
than 1.1 can be ignored (local stresses at the edge of the hole greater than 1.1x the average stress in that
area). Stiffne§s degradation can best be estimated, conservatively, by the equivalent circular hole method.
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For a given predicted damage area, the degradation in tensile, fatigue, and compressive strengths can
-be estimated using Fig. 6.3. These curves were derived from test data obtained from 1-in.-wide specimens
cut from impacted plates. They show the strength of specimens containing the damage area relative to the
strength in undamaged regions. The largest effect is in tension. In Chap. 14 of Part 2, it is shown that the
tensile curve in Fig. 6.3 is essentially the same as would be predicted by representing the damage area as a
circular hole and basing predicted failure on the average remaining ligament stress in the 1-in.-wide
specimen. Clearly, in fatigue and compression the damaged area does contribute to strength. Use of an
equivalent hole to estimate fatigue and compressive strength degradation would be conservative. In any
event, in interpreting and using the results presented in Fig. 6.3, the fact that they are from tests of 1-in.-
wide specimens should be considered.
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7. SUMMARY—SIMPLIFIED CRITERIA

This chapter briefly summarizes the scope of the detailed criteria presented in the previous chapters
and condenses those criteria to a set of simplified rules consisting primarily of reduction factors on room-
temperature, in-air, UTS, and stiffness values.

7.1 STIFFNESS AND CREEP PROPERTIES FOR DESIGN ANALYSES

Chapter 2 provides elastic constants and creep-strain relations for the CSM/isocyanurate reference
composite based on the assumption of transverse isotropy (isotropic in the plane of the composite plaque).
On this basis, only the elastic modulus and Poisson’s ratio for the weaker 0° direction are used. Multipliers
on the base room-temperature elastic modulus are given to account for temperature, environments, and
prior load cycles. Likewise, a basic creep-strain equation is given for use in predicting time-dependent
deformations, and factors are provided for accounting for temperature and environmental effects. These
values and factors are summarized in simplified form in the following paragraphs.

The basic room-temperature elastic constants, Young’s modulus-and Poisson’s ratio, are E = 1.37 Msi
and v = 0.31. Multipliers on E to account for temperature are given in Table 7.1.

To conservatively account for prior cyclic ioadings, E values determined by the multipliers in Table
7.1 should be multiplied by 0.90. To conservatively account for environment, a further multiplication of E
by 0.83 is required.

Creep, for a given time under load, can be approximately accounted for by using a reduced time-
dependent “elastic modulus” in an elastic’analysis. Values of these reduced moduli for key times at room
temperature are tabulated in Table 7.2.

Table 7.1. Temperature

multipliers for modulus
‘ of elasticity
Temperature Multiplier

°F) onE
-40 1.21
70 1.00
135 0.88
190 0.77
250 0.65

Table 7.2. Time-dependent
modulus values

Time-dependent

T}me under modulus, E;
load (Msi)
10h 1.24
3000 h 1.03
5000 h 1.00
15 years 0.81




The factors in Table 7.3 can be used to conservatively convert the room-temperature modulus values
in Table 7.2 to values for other temperatures.

Table 7.3. Temperature multipliers
for time-dependent moduli

Temperature Muttiplier
°F) on E¢
-40 1.21

70 1.00

- 135 0.81
190 0.66
250 0.53

To conservatively account for environment, an additional multiplier of 0.63 should be applied to E;.

7.2 MULTIAXIAL STRENGTH THEORY

It is shown in Chap. 3 that the maximum shear stress theory of failure, when based just on the UTS in
the weaker 0° direction, conservatively predicts failures for other in-plane stress states and directions—
biaxial tension, compression, and shear. By defining an equivalent intensity of combined stresses, or stress
intensity, at a point as twice the maximum shear stress, the predicted stress intensity can simply be
compared to uniaxial tensile allowable stresses. The predicted stress intensity is the difference between the
algebraically largest principal stress and the algebraically smallest principal stress at a point. Tensile
stresses are considered positive, and compressive stresses are considered negative.

7.3 ALLOWABLE STRESSES FOR STATIC LOADINGS

Both time-independent and time-dependent allowable stress intensities are given in Chap. 4, the
former for short-time operating loads and the latter for longer-time sustained loads. The time-independent
allowable, S, is defined as

S0 =2/3 UTSmin ;

and the time-dependent allowable is defined as 0.8 S, where Sy is the'minimum creep-rupture strength. A
single set of allowables, Sy, covering times from O to the 15-year design life of a vehicle is established as
follows:

So
S, < .
¢ {o.ss,

Values of S over the design temperature range of —40 to 250°F are given in Chap. 4. Reduction
factors are given for the effects of environments and prior cyclic loadings, and St values that include the
reductions are also tabulated.

The calculated in-plane membrane stress intensities, P, are limited to P < S;. The membrane plus out-
of-plane bending stress intensities, P + Q, are limited to P + Q £ 1.5 §; away from geometric
discontinuities. At bends and corners, the limitis P+ Q< 0.8 S;. :



For changing stress levels, the time-fraction summation method shall be used:

t
Sl—| £1.0 .
i(le

Here, t; is the specified duration of a given load increment, i, and Ty; is the allowable time for the

stress intensity associated with that load increment.
The minimum room-temperature UTS value for the 0° direction of the reference composite is 17.4
ksi. With this value, Sg is 11.6 ksi at room temperature. Table 7.4 gives the S; values as multipliers on the

room-temperature allowable stress, Sg.

Table 7.4. 8¢ values expressed as multipliers on Sg at room temperature

Temperature Time

°F) Oh 10h 1000 h 3000 h 5000 h 1 year 15 years
~-40 1.22 1.03. 0.96 0.94 0.93 0.92 . 0.89

20 1.09 1.03 0.96 0.94 0.93 0.92 0.89

70 1.00 1.00 09% = 094 0.93 0.92 0.89

135 0.88 0.88 088 088 0.87 0.86 0.83
190 0.78 0.78 0.78 0.76 0.75
250 0.66 0.59 0.52 0.51 0.50

The 0-h S¢ multipliers in Table 7.4 should be reduced by the factor 0.82 to account for environment
and prior cyclic loading. The time-dependent values in the table can conservatively be multiplied by 0.49 to
account for environment and prior cyclic loading.

74 LIMITS FOR CYCLIC LOADINGS

Chapter 5 presents design fatigue curves for two types of cycles: R = 0 and R = -1, where R is the
ratio of the minimum to maximum stress intensity in the cycle. Stress is expressed as a percent of the
average UTS; the curves apply to any temperature over the —40 to 250°F range, if UTS at that temperature
is used. A modified Goodman relation is used to conservatively account for mean stresses, and factors are
provided to account for environmental effects:

Here, G, is the allowable stress amplitude for the cycle with a mean stress, G, is the allowable stress
amplitude from the R = -1 design curve, Gy, is the mean stress, and G; is the minimum creep-rupture
strength for the total time of cyclic operation (see Table 5.2).

Miner’s rule is used to account for cycles of different stress amplitudes:

| > —'l—} <10 ,
i[Ndi

where nj is the number of cycles of type i and Ng is the number of design allowable cycles of type i.
Maximum allowable cyclic stress values from the design fatigue curves are given in Table 7.5.
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Table 7.5. Maximum allowable cyclic stresses

as a percent of UTS,yg
Stress
Load (% UTSavg)
ratio, R 102 cycles 104 cycles 108 cycles. 108 cycles
0 65.4 41.0 25.7 16.1

-1 43.5 253 14.7 85

The average UTS in the 0° direction of the reference material is 21.3 ksi. The multipliers given in
Sect. 7.1 to account for the effects of temperature on stiffness, E, also apply to strength and should be used
to determine UTSavg at other temperatures. An environmental factor of 0.7 on stress covers all
environments except battery acid.

7.5 DAMAGE TOLERANCE EVALUATION

Chapter 6 recommends a two-part design assessment approach for evaluating damage from low-
energy impacts and small flaws from other sources. First a 0.25-in.-diam circular hole in the worst possible
location of the structure should be assumed and its effects on structural strength and stiffness evaluated via
analysis (a local stress concentration factor greater than 1.1 can be ignored). This evaluation will ensure
that the structure can tolerate minor impacts and structural flaws up to a size of 0.25 in.

For specific low-energy impacts such as roadway kickups, tool drops, and load drops in a pickup box,
experimentally derived correlations are given for (1) conservatively estimating the damage area from the
mass and velocity of the impacting object and (2) determining, from the estimated damage area, the
degradation in tensile strength, compressive strength, and fatigue strength. The correlations provided are
believed to adequately include the effects of environments and temperature.

For a given damage area, the tensile strength degradation is considerably larger than that for
compressive or fatigue strengths. Further, the tensile strength degradation can be determined by assuming
that the damage area is a circular hole of equivalent area.

Table 7.6 shows specific values taken from the graphical correlations (Figs. 6.1 and 6.3) in Chap. 6.

Table 7.6. Predicted effect of low-energy

impacts?
Tensile strength
D
m0-564y ang;gg)ar ca degradation
factor?
1.0 0.12 0.67
2.0 0.16 0.57
3.0 0.26 0.40
4.0 0.41 023
5.0 0.63 0.10
6.0 0.89 0.04

?The quantity m is mass (Ib-s2/ft), and v is
velocity (ft/s).

bThese strength reduction factors apply only
to a 1-in.-wide specimen. They are essentially the
tensile strength reductions caused by the net area
being reduced by a circular hole of equivalent area.
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