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I. INTRODUCTION

Owing to their favorable performance characteristics, light weight compo-

site materials have been gaining wide applications in commercial, space, and mil-

itary applications. For example, the use of fiber reinforced plastics (FRP), in

Sautomobiles increasel considerably during the past decade. To date, FRP materials

have been used mostly in applications where the material is not subjected to

heavy loads. In order to take full advantage of FRP materials, they should be

used also as load bearing members. Such applications require a comprehensive

data base. For this reason, in recent years several investigators have measured

the properties of glass fiber reinforced sheet molding compounds (SMC). In this

report a summary is given of the engineering properties of SMC materials and

of the effects of service environment on these properties. Continuous fiber

composites (e.g. graphite-epoxy composites) are not included in this survey.

In presenting the results emphasis is placed on the main features and char-

acteristics of the data. Readers interested in details of the material behavior

are referred to the appropriate references quoted in the text, figure captions,

and table headings.

1!
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II. MATERIALS AND PROCESSING

Sheet molding compounds consist of polyester ( or, less frequently vinyl-

* ester or epoxy) resins reinforced with glass fibers. A given mater!.1 may con-

tain randomly oriented chopped fibers (designated as SMC-R), continuous fibers

S. 'i (SMC-C and XMC) or a combination of chopped and continuous fibers (SMC-C/R and

i iXMC-3), as illustrated in Fig. 2. Numbers added after the letters R and C

indicate the weight percent of chopped and continuous fibers, res ectively. XMC

" contains 75% glass fibers by weight. The continuous fibers provide added strength

and stiffness in the direction of maximum load. The random fibers provide strength

"and stiffness in the direction perpendicular to the fibers. The formulations and

-.hA densities of different types of materials are given in Tables 1 and 2.

SMC materials are processed on machines illustrated in Figs. 3-5. The mater-

ials are compounded on machines shown in Fig. 3 (used for all types of SMC mater-

ials ei:cept XMC-3) and in Fig. 4 (used for XMC-3). The compounded material is

allowed to set at room temperature for five to ten days. The required part is then

manufactured by compression molding in metal dies (Fig. 5). The die temperature

may range from 130 to 165C and the die pressure from 3 to 14 MPa. The process

t[me may vary from one to three minutes. The exact conditions depend upon the

material, the thickness, and the shape of the part.

The material formulation as well as the control of the compoundinq and mold-

ing processes affect significantly the properties of the finished product. Care

must be exercised, therefore, during the manufacturing process to avoid undesirable

and unacceptable variations in material properties.

2
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IIl. STATIC PROPERTIES

In this section the tensile, compression, shear and flexural properties of

SMC materials are reviewed.

1. Tensile Strength 3nd Modulus

The room temperature tensile strength, tensile modulus, tensile strain at

failure, and Poisson's ratio are summarized in Table 3. Materials which contain

• I continuous fibers (XMC--3 and SMC-C20/R30) have different properties in the direc-

tions along and perpendicular to the fibers (Fig. 6). Therefore, properties for

these materials arc liated separately for the longitudinal and transverse direc-

Stions. For materials containing both continuous and chopped fibers, the amount

of chopped fibers also affects the tensile properties, as shown in Fig. 7.

Both the ultimate tensile strength and the tensile modulus depend on the

material formulation. In addition, the environment has a marked effect on these

properties. Generally, both the ultimate tensile atrength and the tensile modulus

decrease at elevated temperatures (Fig. 8) and during exposure to fluids commonly

encountered in automotive applications (Tables 4,5). The decrease in properties

depends on the temperature, the type of fluid, and the length of exposure. •

est-.,gly, under some conditions there is a slight (-10%) increase in both the ten-

sile strength and the tensile modulus. The increase is probably due to plastici-

zation of the material.

2. Compression Strength and Modulus

The room temperature compression strength, compression modulus, and the strain

at failure of different types of materials are listed in Table 6, Both the strength

and the modulus depend on the material composition, on the fiber orientation, and

3



on the temperature (Fig. 9). As expected, the strength and the modulus are

highest along the fiber direction of composites rontaining continuous fibers

(XMC-3 and SMC-C20/R30).

3. Shear Strength and Shear Modulus

Room temperature values of in-plane shear strength, in-plaae shear modulus,

short beam shear strength, and short beam shear modulus are given in Table 7. In

most cases there is a significant decrease in strength and in modulus at elevated

temperature (Table 8) and during exposure to humid air and to different types of

liquids (Tables 9,10). As in the case of tensile properties, shear properties

also increase slightly under some conditions. A'ain, this increase is caused by

plasticization of the material.

4. Flexural Strength and Modulus

The flexural strengths and flexural moduli of different types of SMC mater-

ials are presented in Table 11. These properties are highest in the longitudinal

directions of XMC-3 and SMC-C2/R30 compositeas and are about five times higher in

the longitudinal than in the transverse direction. The strength and the modulus

deciease with increasing temperature (Fig. 10). For XMC-3 composites the strength

and the, modulus also depend on the weight percent of chopped fiters (Fig. 11).

s5. Notch Sensitivity

The notch sensitivities of three types of SMC materials were investigated

by Riegner and Sanders [3]. The reduction in tensile strength (due to -ircular

holes or "notches") of XMC-3, SMC-C20/R30 and SMC-R65 materials are shown in Fig.

12. The solid lines in this figure represent results obtained by matching the

three parameter model of Pipes et. al. [3,61 to the data.

4
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Riegner and Sanders also measured the notch strength of SMC-R25 materials.

This material did not fail through the circular holes. Apparently, the weakening

effects of the holes were less than the strength of the material itself.

IV. FATIGUE

testsMo3t of the data availabJe on the fatigue behavior of sMgC materials are for

tests performed in tunsinn-tension mode.!. A typical tect record is shown in Fig.

1 ' In this figure the measured loads and deformations have been converted to

stressee and strains, respectively.

•I Fatigue life (S-N) data for tension-tension fatigue are presented in Figs.

14-16. In general, the fatigue strengths follow the same trends as the static

strengths. The material that has the highest static strength has also the high-

est fatigue strength. A good indicator of the relative fatigue performance of

-- different types of materials is the maximum stress the materials can sustain

without failure for one million cycles. These data are presented in Table 12.

As cr-i be seen, the maximum stress depends not only on the material but also on

the temperature.

The effect of temperature ot fatigue life is further illustrated in Figs. 15

and 16. For chopped fiber composites (SMC-R25 and SMC-R65) an increase in temper-

ature from 23C to 93C results in about a twofold decrease in the fatigue strength;j. atureof he effec of• temeaue r aiuelf sfute llsrtdinFg.1

O •tLhe materia•l "tg. 16). The n,-. fatigue S-- - of materials containing continu-

ous fibers (XMC-3 and SMC-C20/R30) seem to be affected less by changes in tempera-

ture (Fig. 15) than by the orientation of the fibers (Fig. 16).

A linited amount of -qta is available for compression-tension fatigue (Fig.

17). Data generated with SMC-R25 composites indicatetdat most of the damage is

done during the tension portion of the cycle [2]. The compression portion of the

I; 5
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cycle seems to contribute less to the damage.

Results for flexural fatigue are presented in Fig. 18. For SMC_-.R25, SMC-R57,

aid SMC-R65 composites at one million cycles the stress levels are about 0.4,

0.35, and 0.25 times the static flexural stress [2) These values are about twice

those reported by Maaghul and Potkanowicz [101 for SMC-R25 and SMC-R65 composites.

"Room temperature creep during fatigue tests is shown in Fig. 19. As expected

the creep increases with increasing load. Furthermore, for SMC-C20/R50 composites

the amount of creep is about twice as large in the direction of the fibers than in

the transverse direction.

In those applications where stiffness of a part is an important factor chan-

ges in modulus during fatigue must be taken into consideration. Sh.et molding com-

pounds may decrease in modulus during fatigue cycling (Figs. 20,21). At room tem-

perature the modulus decay is small (less than-.20%) except in the transverse dir-

ection of SMC-C20/R30 composites. Hence, in mo,3t automotive applications the decay

in modulus would not play an important role.

Heimbuch and Sanders [2] evaluated the effects of test frequency on fatigue

behavior. For SMC-R25 and SMC-R57 composites test frequencies from 5 to 20 Hz did

not change markedly the fatigue life.

Heimbuch and Sand,:rs [2] also examined the effects of notches on the fatigue

characteristics of SMC-R25 and SMC-R65 composites by drilling 0.6 mm diameterholes

into the samples. These holes did not have a pronounced effect on the fatigue be-

havior, suggesting that these materialsarenot notch sensitive in fatigue.

6
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. 'V. CREEP

The results of static creep tests are presented in Figs. 22-28. The curves

are average values. There is considerable scatter in the actual data. An arrow

at the end of a curve indicates that the specimen did not fail at the end of the

test, while a cross indicates specimen failure.

As expected, the strain increases with load, temperature, relative bumidity,1 and time. The increase in strain with time is not uniform. Step "Jumps" occur

in strain at random times. Because of these unpredictaLle jumps, the strain

cannot be described by simple viscoelastic models.

Heimbuch and Sanders [2] also investigated the stress rupture of SMC-R25,

"SMC-R57 and SMC-R65 composites in air at 23, 60, and 90C and at 50% and 100%

relative humidities. Owing to the large scatter in the data, the effect of the:1
environment on stress rupture cannot be ascertained from the results of these

t..sts.

VI. ADHESIVE BONDED SINGLE LAP JOINTS

In this section, the behavior of adhesive bonded single lap Joints exposed to

automotive related fluids is discussed. The results presented were obtained

with adherends bonded with a two part urethane adhesive, characterized in de-

tail in ref. [11].

I 1) Moisture Absorption Characteristics

Typical moisture absorption data obtained with XMC-3 to SMC-R50 Joints are

given in Fig. 29. Data for SMC-R50 to SMC-R50 joints exhibit similar trends.

7
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At 23C both XMC-3 to SMC-R50 and SMC-R50 to SMC-R50 joints seem to approach

asy-mpototically the same maximum moisture content (Mm) when immersed in the same

fluid. During a two month test period Mm is reached only in air. In water and

in 5% NaCl-water mixture the maximum moisture contents are not attained. The

Mm values can be estimated by extrapolating the data, giving 0.18, 1.5 and 2.0

percent for air, salt water, and water, respectively.

A 93C (immersion in water) the maximum moisture level is not approached

I asymptotically. Here the weight increases for about the first 100 hours and

"then decreases at a rapid rate. This indicates that the material deteriorates

during exposure. At 93C both bonded and unbonded test specimens behave simil-

arly, suggesting that degradation is mostly in the composite and not in the

adhesive.

Joints loaded up to 30 percent of their strength did not show appreciable

change in their moisture absorption characteristics.

2) Lap Shear Strength

Lap shear strengths of adhesive bonded single lap joints are given in Table

* 13. Changes in baseline strength and modulus during environmental exposure are

illustrated in Table 14. Neither the strengths nor the moduli change significant-

ly when the joints are exposed to room temperature fluids. In some cases the

strength improves slightly (10-15%) during environmental conditioning. The bene-

ficial effects of fluid and temperature are likely due to ilasticization. The

strength of joints immersed in hot (93C) water and salt water for 30 days decrease

by a factor of two. Loading (up to 30 percent of the baseline strength) during

exposure does not seem to affect the strength.

The joints may fail by delamination of the composite or by separation of

B
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the adherent. In these tests, most failures occurred by delamination of the

adherent. Separation of the adhesive was predominant only at higher (93C)

temperatures.

3) Fatigue

Wang et al [i1] conducted fatigue life tests on SMC-R25 Lo SMC-R25 and

SMC-R50 to SMC-R50 single lap joints. During the tests the stress levels were

30, 50, 70 and 90 percent of the static shear strength. Prior to the fatigue

* tests the specimens were soaked for 30 days at room temperature in the following

A 1liquids: 50% by weight salt water, motor oil, transmission fluid, and gasoline.

The ranges of data are shown in Fig. 30. The data are not shown separately for

specimens immersed in the different fluids because the fluids did not have a

significant effect on the fatigue life.

The residual strengths and moduli were also measured for th-se specimens

"surviving for one million cycles (11]. Cyclic stressing at 30 percent of ulti-

mate strength does not degrade appreciably either the strength or the modulus;

in general, both the strength and the modulus retaineJ zt least 80 percent of

their initial values.

4) Creep

Creep deformations of adhesive bonded single lap joints under static and

* cyclic loadings are shown in Figs. 31 and 32. These figures illustrate the

effects of material, fluid, temperature,and applied load on creep behavior.

The type of material used in forming the joints has smaller effect on creep

than does the type of fluid, the temperature, and the applied load. The creep

is lowest in air, and is higher in water, in salt water, and in hydrocarbons.

9



The creep also increases with temperature and with applied load. For example,

at 23C none of the XMC-3 to SMC-R50 or SMC-R50 to SMC-R50 joints failed during

static creep. In air at 93C only one of the joints failed, this occurring

at 30 percent load level. During water immersion (at 93C) all but 3 coupons

failed before the end of the 715 hours test. During cyclic creep, only joints

with 30 percent load survived for one million cycles. At higher loads none of

t•.t the joints survived for one million cycles (Fig. 32).

VII. VIBRATION DAMPING

Materials used in commercial applications should damp out noise and vibra-

tions. It is important, therefore, to know the vibration damping properties

a4• of SM0 materials. These properties may be characterized by two parameters, the

loss factor and the storage modulus. These parameters are obtained by exciting

the material with forced sinusoidal oscillations and by measuring the input

stress and output strain [3]. The loss factor is the tangent of the phase angle

between the stress and the strain, and is equal to the ratio between the energy

dia;sipated and the energy stored in the material. The storage modulus is the

"in-phase component of the ratio of input stress to output strain.

Room temperature values of loss factors and storage moduli are listed in

Table 16. The loss factor is insensitive to the exciting frequency in the range

AL I of 0.1 to 10 Hz. For the SMC materials tested the loss factors are an order of

magnitude higher than for steel. Thus, SMC materials would damp out vibrations

"more effectively than steel.

The effects of temperature and soaking in different types of liquids are

illustrated in Tables 15 and 16. An increase in temperature (from 23C to 120C)

10
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.. ;increases the damping and reduces the stiffness. Soaking in liquids has similar

effects. Soaking for 1000 hours considerably increased the damping of chopped

fiber composites (SMC-R25 and SMC-R60), while their stiffness decreased slight'.y.

The damping characteristics of continuous fiber composites (XMC-3 and SMC-C20/

R30)change little in the fiber direction. Itis noteworthy that both temperature

, .and moisture-induced changes in the vibration properties appear to be reversibleI [12].

"½" .1 VIII. DYNAMIC IMPACT.

Fiber reinforced composites uped in automotive applications should be able

2;• - -to resist impact damage. Unfortunately, glass fiber reinforced polyester compe-

"sites absorb less energy during impact than metals. This is illustrated in Fig.

I. 33, where a comparison is made between the energies absorbed by different types

• ;of materials during impact against a fixed barrier. At a given deformation,

metals absorb about twice as much energy as the composite.

Impact resistances of composites may be evaluated using the Rheometrics

High Rate Impact Tester [3,5]. In tests with this device a hydraulic ram impacts

a clamped plate of material and the load versus displacement is recorded, as

shown in Fig. 34. From the data several. parameters can be calculated, including

'. yield and ultimate load, apparent impact modulus, yield and ultimate displacement,

yield and ultimate energy absorbed. Typical values of some of these parameters

are given in Table 17. The data in zhis table are a summary of the results of

Riegner and Sanders [3], who reported data for different impact velocities (from

0.5 to 10 m/s) and for different temperatures (23 and -35C). The data do not show

clear trends. In general, neither changes in impact velocity nor changes in tem-

perature had a significant effect on the load, modulus, displacement, and energy

'":' 11



values given in Table 17.

IX. MOISTURE ABSORPTION

Glass fiber reinforced organic matrix composites absorb moisture when

"exposed to humid air or to liquids. The weight changes of different types of

SMC composites exposed to typical automotive service environments are presented

in Figs. 35-37. The weight change (M) is defined as

M .I wet weight - dry weight'IM = x 100 percent

dry weight
4

* ,The data show that, in general, when the dry material is submerged in the fluid

�* the weight at first increases then levels off for some length of time. Both the

initial rate of weight increase and the value at which the weights level off

depend on a) the material, b) the temperature, and c) the environment (rela-

tive humidity of air or the type of liquid used). The dota also show that in

some instances the weight does not remain constant after it reaches a level value

but keeps either increasing or decreasing. This suggests that under some condi-

tions the moisture transport is by a non-Fickian process. One reason for the

non-Fickain behavior may be that moisture transfer through the resin does not

proceed by a process that can be described by Fick's law. Another plausible

explanation rif the observed non-Fickian absorption process is as follows. Owing

to the moist, high temperature environment, microcracks develop on the surface

and inside the material. Moisture rapidly enters the material, causing an increase

in weight. As the cracks grow larger, material, most likely in the form of resin

particles, is actually lost. In fact, such material loss is frequently observed

after a few hours of exposure to the moist environment. As long as the moisture

12
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gain is greater than the material loss, the weight of the specimen increases.

Once the weight of the lost material exceeds the weight of the absorbed mois-

ture, the weight of the specimen decreases. Of course, when the material is

lost, the measured weight change no longer corresponds to the moisture content

of the material.

The foregoing results were all obtained with unstressed specimens. How-

ever, as was indicated in Section V1.l, the moisture absorption characteristics

of stressed and unstressed SMC materials do not differ appreciably.

X. THERMAL EXPANSION

The dimensional changes of the material during temperature cycles must be

taken into account in the design process. The thermal expansion coefficient

values reported by Heimbuch and Sanders [21 and by Riegner and Sanders [31 are

teproduced in Table 18. As expected, the thermal expansion coefficients are

lowest along the fiber direction of composites containing continuous fibers

(XMC-3 and SMC-C20/R30). The coefficient is high in the transverse direction

of these materials and also for SMC-R25 composites. More comprehensive data on

the variation of the thermal expansion coefficient with temperature are not yet

available.

13



XI. CONCLUDING REMARKS

As this survey indicates, the numerous studies made in recent years provide

much of the needed information on the mechanical and thermal properties of glass

fiber reinforced SMC composites. For many materials we now have the extensive

data bases required for the design of practical engineering systems. There are

Sstill areas in need of further exploration. In particular, information is needed

- ,on problems in which the viscoelastic behavior of the material predominates.

Hopeful]y, the continuing efforts in this area will soon provide information

"which will lead to an understanding of these problems.

1 .
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,. Table 1. Material formulations and densities of SMC materials.

(PPG-PPG Industries, OFC-Owens Corning Fiberglas) (refs. 2,3)

"Material Ingredient Type Weight Density
% kg/m3

XMC-3 Continuous Glass Fibers- PPG XMC Strand 50
+7.5*, X-Pattern Type 1064

2.54 cm Chopped Glass PPG XMC Strand 25
Fibers Type 1064

Resin PPG Selectron RS-50335 21.5 1970
Isophthalic Polyester

Monomer Styrene 2.4

Thickener PPG Selectron RS-5988 0.8
Catalyst TYPB 0.2
Mold Release Zinc Stearate 0.1

SMC-C20/R30 Continuous Glass OCF 433AB Roving 20
Fibers - Aligned

"2.54 cm Chopped Class OCF 433AB Roving 30
Fibers

Resin OCF-E980 Polyester 32.3
Filler Calcium Carbonate 16.1 1810
Mold Release Zinc Stearate 0.8
Thickener Magnesium Oxide 0.5
Catalyst TBP 0.3

Inhibitor Benzoquinone Trace

SMC-R25 2.54 cm Chopped Glass Fibers E-Glass (OCF 951 AB) 25
Resin Polyester (OCF E-920-1) 29.4
Filler Calcium Carbonate 41.8
Internal Release Zinc Stearate 1.1
Catalyst Tertiary Butyl

Perbenzoate 0.3 1830
Thickener Magnesium Hydroxide 1.5
Pigment Mapico Black 0.8

SMC-R50 2.54 cm Chopped Glass OCF 433AB 50
Fibers

Resin OCF-E980 Polyester 32.3
Filler Calcium Carbonate 16.1
Mold Release Zinc Stearate 0.8 1870

Thickene Magnesium Oxide 0.5
AN Catalyst TBP 0.3

Inhibitor Benzoquinone Trace

SMC-R57 Formulated Epoxy Resin Epoxy Sheet Molding
"Compound (Gulf 1057) 43

1.27 cm Chopped Glass Fibers E-Glass (OCF-495) 57 1740

SMC-R65 2.54 cm Chopped Glass Fibers E-Class (PPG 518) 65
Rigid Resin Polyester (PPG 50271) 16

Flexible Resin Polyester (PPG 50161) 16 1820
Thickener, etc. 3

EA-SMC-R30 2.54 cm Chopped Glass Fibers E-Glass (OCF 956) 28
Resin Polyester 19.9
Filler Calcium Carbonate 41 1830
Thickener Balance 11.1

'- 17



Table 2. VE-SMC-R50 paste formulation

Component Parts

A-SIDE

XD-9013.03 10

TBPB 1

Camelwite 92

SZinc Stearate 3

.• lB-SIDE

SDerakane 470-45 100

Maglite D 50

,Camelwite 100

.Pup 10-14/1 by weight A/B

Max viscosity - 6000 cps

(90F, RVT, # 4 Spindle, 20 rpm)

*Registered Trademark of Dow Chemical Company

18

* I



Table 3. Room temperature ultimate tensile strength (S ) tensile modulus
t

(E t), tensile failure strain (et), and Poisscn's ratio 6, t

(L - longitudinal, T - transverse direction) (refs. 2-6)

Material St (MPa) Et(GPa ) t M V
It

XMC-3(L) 561 35.7 1.66 0.31.

XMC-3(T) 70 12.3 1.54 0.116

SMC-C20/R30(L) 289 21.4 1.73 0.3

SMC-C20/R30 (T) 84 12.4 1.58 0.18

SMC-R25 82 13.3 1.34 0.25

SMC-R50 164 15.8 1.73 0.31

SMC-R57 160 16.5 - -

SMC-R65 227 14.7 1,67 0.26

-EA SMC-R30 30 8.7 1.43 0.30

VE-SMC-R50 165 7.0 - -

VE-SMC-C40/RIO(L) 426

VE-SMC-C40/RIO(T) 57 - -

VE-XMC-3(L) 648 - -

VE-XMC--3(T) 74 -

.1
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Table 6. Room temperature compression strength (S c),

compression modulus (EC) and compression

failure strain ( c) (L - longitudinal,

T - transverse direction) (refs. 2, 3)

Material S (MPA) E c(GPa) r)
SC

"XMC-3(L) 480 37 1.36

""XMC-3(T) 160 14.5 1.38

SMC-C20/R30(L) 306 20.4 2.50

SMC-C20/R30(T) 166 12.2 1.74

SMC-R25 183 11.7 2.16

SMC-R50 225 15.9

SMC-R65 241 17.9 1. 81

22
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Table 7. Room temperature in plane shear strength (SLT), in plane

shear modulus (ELT), short beam shear strength (S s), and

short beam shear modulus (G ) (refs. 3, 4, 8)

Material SLT(MPa) •T(CPa) S (MPa) G (GPa)

XMC-3 91.2 4.47 55

SIC-C20/R30 85.4 4.09 41

SMC-R25 79 4.48 30 5.0

"SMC-R50 62 5.94 25 7.0

SMC-R65 128 5.38 45 -

VE-SMC-R50 -35 4.0

123
II
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Table 8. Losses in in-plane shear strength (SLT), shear modulus (ELT),

and ultimate shear strain (cT) when the temperature is raised
LT

from 23C to 93C (ref. 3)

LOSS (Percent)

- SLT ELT gLT

XMC-3 38 48 13

SMC-C20/R30 40 44 0.7

SMC-R50 - 22 -

24
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Table 11.. Room temperature flexural strength (Sf) and

flexural modulus (E f) (L -longitudinal,

i

"T - transverse direction) (ref. 3)

Material S f (Mpa) Ef (GPa)

XMC-3(L) 973 34.1

3X4C-3(T) 1.39 6.8

SMC-C201R30 CL) 645 25.7

SMC-C20/RSO:') 165 5.9

SMC-R25 220 4.8

SMC-R50 314 14.0

/ SMC-R65 403 5.7
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Table 12. Fatigue stress for survival to one million

cycles (L - longitudinal, T - transverse direction)

(refs. 2, 3)

A Material Percent Static Ultimate Tensile Stress

23C 90C

XMC-3(L) 23 18

XMC-3(T) 27 26

SMC-C20/R30(L) 45 44

SMC-C20/R30(T) 52 43

SMC-R25 49 55

SSMC.-R50 38 41

SMC-R57 42 -

SMC-R65 31 28

,. EA-SMC-R30 44 -

" 11
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Table 13. Baseline ("as received") lap shear strengths of

adhesive bonded single lap joints

II
2C Strength 

(N~a)

23C 93C

" - .XMC to SMC-R50 6.55 3.89

SMC-R50 to SMC-R50 6.11 2.12

SMC-R25 to SMC-R25 3.83
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Table 14. Changes in lap shear strength (S/SB and modulus (E/EB) of adhesive

bonded single lap joints after 30 days of environmental expusure at

23C (B - baseline value) (ref. I1)

Fluid SMC-R25 to SMC-R25 SMC-R50 to SMC-R50

S/S E/EB S/SB E/E
B B B

Air 1.00 1.00 1.00 1.00

Motor Oil 0.89 1.05 0.85 0.92

Transmission Fluid 0.92 1.01 0.91 0.91

"Gasoline 0.95 0.80 1.20 0.77

Salt Water 0.97 0.72 0.98 0.78

Brake Fluid 0.95 0.87 0.96 0.85

Antifreeze 0.96 1.15 0.81 0.81

.3
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Table 16. Maximum changes in dynamic properties

during 1000 hours of soak (L - longitudinal,

T- transverse direction) (ref. 12)

Maximum Change (percent)

Fluid Material Loss Factor Storage Modulus

S. Distilled XMC-3(L) + 53 0

Water 22C SMC-C20/R30(L) + 38 0
SMC-R25 +193 -2n
SMC-R65 +180 - 7

* Distilled XMC-3(L) + 88 0
Water SOC SMC-C20/R30(L) +1.12 0

I SMC-R25 +210 -10

SSMC-R65 +247 -.12

Salt XM~C-3(L) + 55

Water 23C SMC-C20/R30(L) + 50 0
SMC-R25 +117 - 4
SMC-R65 +178 - 7

Motor XMC-. 3 (L) 0 0
Oil 23C SMC-C20/R30(L) 0 0

"SMC-R25 + 25 0
"SMC-R65 + 24 0

Antifreeze XMC-3(L) 0 0
SMC-C20/R30(L) 0 0
SMC-R25 + 29 0
SMC-R65 + 22 0

Gasoline 22C XMC-3(L) 0 0
SMC-C20/R30(L) 0 0
SMC-R25 178 -15
SMC-R65 30 0
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Table 18. Thermal expansion coefficient a at room temperature

(L- longitudinal, T- Lransverse direction)(refs. 2, 3)

Material C(16m/m 0C)
_XC-3_(_.,) 8.7

XMC-3(T) 28.6

SMC-C20/R30 (L) 11.3

SMC-C20/RP30(T) 24.6

SMC-R25 23.2

SMC-R50 14.8

"( SMC-R65 13.7

"I
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Figure 6: The effect of fiber orientation on the tensile
strength and tensile modulus of XMC-3 and SMC-C20/R30 composites (ref. 3)
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Figure J0: The effect of temperature on the flexural strength and flexural

modulus. (L -longitude, T -transverse direction) (ref, 3)
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Figure 19: Creep strain (EN-co) duriug teitsion-tension fatigue tests as

functions of load (percent of ultimate tensile strength).
k 0.05 (refs. 2, 3)
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Figure 24: Creep of SMC-RZ5 under different loads (percent of static ultimate
tensile strength (ref. 2)
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Figure 25: Creep of SMC-R50 and VE-SMC-R50 under different loads
(percent of static ultimate tensile strength) (refs. 5, 6)
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single lap joints
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Fi•ure 32: Cceep of adbe-iv. bonded single lap joints (SMC-R50 to SMC-RS0 and
SMC-R25 to SMC-P,25) during tension-tension fatigue under different
Loaws (--30% UTS, ---- 50% UTS, --- 70% UTS) (ref. 11)t
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