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ASPECTS OF THE MECHANICAL BEHAVJOR OF STITCHED
T300 MAT/URETHANE 420 IMR COMPOSITE

S. Deng, X. Li, and Y .J. Weitsman

ABSTRACT

This report presents experimental and analytical results concerning the behavior of crossply
and quasi-isotropic laminates manufactured of stitch-bonded T300/urethane 420 IMR polymeric
composites. Based on extensive creep and recovery data at various levels of stress and
temperature, as well as on strain-to-failure information, it was possible to arrive at empirical
expressions relating deformation to the previous input as well as to input duration. These
expressions were incorporated within the formalisms of viscoelasticity and laminate theory to
illuminate some basic underlying mechanistic aspects of the material at hand, thereby enabling
the prediction of anticipated response under more complex stress and temperature inputs.

1. INTRODUCTION

Stitched T300/urethane 420 IMR composite is a candidate material for application in the
automotive industry. This material consists of strands of T300 carbon fibers that are injected with
urethane polymeric resin. Composites are formed by the light stitching of pairs of unidirectionally
reinforced plies that are oriented perpendicularly to each other. Stitch lines run at 45" about the
fiber direction and are spaced at 5 mm apart. Sets of crossply pairs are also laid up at +45° to each
other to form quasi-isotropic laminates. Details of the processing of these materials are provided
elsewhere.1-3

This report forms one part of an extensive study on the durability of polymeric composites
for automotive applications that aims at the establishment of design criteria for these materials.
The specific purpose of this report is to provide an understanding of some basic aspects that
underlie the mechanical behavior of the material at hand. In this respect, the results presented
here are a continuation of a previously published report.# The issues discussed in the present
report include basic lamina material properties, as well as time-dependent behavior and nonlinear
response of both crossply and quasi-isotropic layups.

A comprehensive account of various other aspects of the mechanical response of this com-
posite is provided elsewhere.!-3






2. MATERIALS

Several plaques, with in-plane dimensions of 610 mm by 610 mm, were provided by the
Automotive Composite Consortium (ACC). The plaques were made of T300 stitch-bonded
mat/420 IMR urethane with [0/90]35 and [0/90]¢ layups, while three additional plaques consisted
of [0/90/445]5 quasi-isotropic layups. The average thickness of the crossply plaques was 3 mm;
that of the quasi-isotropic plaques varied between 2 and 2.4 mm. The stitched T300 mats were
injected with urethane resin in a rapid injection molding process. Overall fiber volume fraction
ranged between 41 + 4%. The matrix and the fiber tow configuration is detailed n Figs. 1(a) and
(b)." Stitching was applied to each [0/90] pair of layers, with stitches spaced at 5 mm apart to
minimize the relative movement of the fiber strands during processing. Test coupons with dimen-
sions of 203.2 mm by 25.4 mm were cut from the above plaques at various orientations ¢ about
the fiber direction on the top ply, and crossply glass fiber/epoxy tabs, 1.6 mm thick, were attached
to these coupons in some circumstances.

Several mechanical properties are listed in Table 1.

*See also Fig. 23.
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Fig. 1. Micrographs of cross section with fibers at 0/90°: (a) at lower magnification,

dark areas indicate fiber tows; (b) at higher magnification showing individual fibers within
each tow.

i
i
i
A




Table 1. The properties of T300 stitched mat/420 IMR
urethane and neat resin (ACC data)

Composite (tensileproperties)

Fiber volume fraction 39.0% to 44.3% (by weight)
Strength (0°/909°) 477 MPa
Modulus 46.7 GPa
Poisson’s ratio 0.05
Failure strain 1.01%
Neat resin (tensileproperties)
Strength 68.2 MPa
Modulus 3.568 GPa¢
Poisson’s ratio 0.385
Failure strain 2.64%

aA value of 2 GPa was employed in the sequel, based on data obtained at
ORNL.
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3. BASIC PROPERTIES

3.1 MICROSTRUCTURAL OBSERVATIONS

Two small samples were cut off from the crossply plaque along 0° and 90° fiber directions.
The sample cross section was polished with alumina powder up to 1 um. Micrographs were
obtained from scanning electron microscopes (SEMs) and stored in digital format, as shown in
Fig. 1. Figure 1(a) gives a low-magnification image where the dark area of the tow appears on the
lighter background of the urethane resin. In the larger magnification image, exhibited in Fig. 1(),
individual fibers can be observed within the urethane matrix within the tow.

Particle analysis was performed on a Macintosh Centries 610 computer using the public
domain NIH image program (version 1.60). Twenty micrographs similar to those shown in
Fig. 1(b) were used to determine the fiber volume fraction within the tow, resulting in an average
fiber volume fraction of 66.5% in that region. The average volume fraction of the tow within the
composites was found to be 64.5%, which results in the overall fiber volume fraction of approxi-
mately 42.9%.

3.2 SPECIMEN PREPARATION

Forty-two crossply specimens, each measuring 203 mm long and 25 mm wide, were cut
from the aforementioned plagues. The specimens were cut at different orientations, according to
the cutting scheme shown in Fig. 2. After cutting, the specimens were dog-bone shaped with a
nominal central width of 20 mm.

(o}

,O

Uncut area

¢

I ]
I ] N\

Fig. 2. Schematic diagram for the cutting of the oriented specimens.



3.3 TENSILE TESTS

All tensile tests were performed on an 810 MTS machine. For the crossply samples, two
extensometers were used to measure longitudinal tensile strains on both sides of the specimen. In
addition, two strain gages were mounted transversely to the loading direction with M-Bond 200
adhesive to measure transverse strain on both sides of the specimen. In accordance with the
American Society for Testing and Materials (ASTM) D3039,5 the tests were carried out under
displacement control at a loading rate of 1.27 mm/min. The measurements on the opposing faces
of the test coupons were intended to detect the amount of bending that may be present due to
layup asymmetry (such as in the [0/90]¢ plaques) or due to any other layup imperfections.

Results of the modulus, Poisson's ratio, tensile strength, and failure strain measurements are
summarized in Table 2 and plotted in Figs. 3to 7 for crossply specimens cut at various orienta-
tion angles. Although these results contain a degree of scatter, they nevertheless agree with the
premise that they should exhibit symmetry about the 45" angle. The values plotted in Figs. 3 and
4 apply to the linear range of stress-strain response.

Typical stress-strain behavior to failure is shown in Figs. 7(a) for the [+45]¢T and 7(b) for
the [£45]3s layups. Note again the similarity in the behavior of coupons oriented at the paired
angles of (05 90°), (30™; 60°), and (+45°; —45°).

Table 2. Tensile data for T300 stitched mat/STR-420 urethane IMR¥4

On(e(;w:z)tlon Specimen ID Szi(f;fl;::;s Poisson’s ratio (ll\J/I-II;i) Fallu(roe/o;traln
0 C7-25 40.1 N/A 536.4 1.27
48.7 N/A 1.05
C7-26 43.5 0.040 506.9 1.10
51.0 0.062 0.95
C7-27 40.7 0.024 498.5 1.08
46.6 0.116 1.10
Average 45.1 0.061 513.9 1.09
30 c7-5 13.8 N/A 166.9 N/A
15.9 N/A N/A
c7-4 13.1 0.592 158.1 6.95
13.4 0.752 7.21
C7-6 12.8 0.509 159.1 5.69
15.2 0.773 5.86
c7-3 12.5 0.672 163.5 5.62
14.8 0.900 451
Average 14.0 0.700 161.9 5.97

- o on B O B @9



Table 2. (continued)

Orientation Specimen 1D S:gfl?:)ss Poisson’s ratio (;J/[-Il;i) Fallu(roijtraln
45 C7-23 11.0 N/A 145.5 5.50
12.0 N/A NIA
C7-24 10.0 0.729 141.9 6.10
11.5 0.750 5.10
C7-2 10.8 0.759 139.9 4.00
12.9 0.807 4.10
C7-1 125 0.760 135.2 4,50
12.6 0.776 6.10
Average 11.7 0.764 140.6 5.06
-45 C7-14 10.3 N/A 131.0 4.30
10.9 N/A N/A
C7-13 9.6 0.660 133.1 4.84
9.6 0.780 4.35
C7-11 9.5 0.770 133.8 5.50
10.6 0.672 5.70
C7-12 8.8 0.630 127.4 4.90
10.7 0.820 4.70
Average 10.0 0.722 131.3 4.90
60 C7-18 14.5 N/A 179.3 5.62
14.0 N/A NIA
C7-17 13.3 0.703 186.7 4,95
14.0 0.694 4,76
C7-20 125 0.671 163.7 7.66
13.0 0.660 8.59
C7-19 12.3 0.770 171.3 5.67
145 0.749 5.15
Average 135 0.708 175.3 6.06
70 c7-7 23.4 N/A 248.2 3.10
19.0 N/A 3.00
C7-21 17.2 0.600 209.5 3.02
18.5 0.503 3.18
C7-22 18.9 0.614 236.2 3.01
21.3 0.531 3.03
c7-8 19.7 0.695 231.3 2.81
23.0 0.500 2.52
Average 20.1 0.574 231.3 2.96



Table 2. (continued)

Orientation Specimen ID Stiffness Poisson's ratio UTS Failure strain
(deg) (GPa) (MPa) (%)
90 C7-16 44.1 N/A 477.1 1.18
38.6 N/A 1.18
C7-10 43.9 0.068 428.3 1.00
42.7 0.051 1.00
C7-15 50.8 0.082 500.3 1.00
47.4 0.045 1.00
c7-9 48.5 0.086 536.1 1.08
44.7 0.038 1.18
Average 45.1 0.062 485.5 1.08

9Note that two values of stiffness, Poisson's ratio and failure strain, were evaluated based on the two sides of the
specimen. N/A indicates that the value either was not measured or exceeded the capacity of the extensometer.
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Fig. 3. Modulus vs orientation angle. Data scatter is partly due to the bending about
specimens' midplanes.
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Fig. 4. Poisson's ratio vs orientation angle. Data scatter is partly due to the bending about
specimens' midplanes.
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Fig. 5. Tensile strength vs orientation angle.
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[45/-45)35 T300 Matlurethane laminate
6=0° Temperature: 23°C
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Fig. 7(b). Typical stress-strain curves of [+45]3g with loads applied at various
orientations about the 0° fiber direction.

3.4 FAILURE RESPONSE

Photos and micrographs of the failed crossply specimensare shown in Figs. 8 to 18. Note
that almost “clean breaks” appear for the coupons orientated at 0° and at 90° (Figs. 8 and 18);
rough failure surfaces, which involve fiber pull-out, occur at all other angles. Nevertheless, the
failure surfaces remain channeled parallel to the fiber directions, with negligible interference by
the stitching orientation.

35 ANALYTICAL EVALUATION OF PLY PROPERTIES
3.5.1 Preliminaries

In the analysis performed here, the basic properties of the individual ply are recovered from
the foregoing crossply data through the employment of micromechanics and laminated plate
theory.

The main purpose of this analysis is to determine if classic laminate plate theory, which
applies in the linear-elastic range of response of laminates formed of plies that are reinforced by
straight unidirectionally oriented fibers, remains valid for the current circumstance of a stitched,
fiber-strand reinforced composite.
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(a)

(b)

Fig. 8. Photographs of failed specimens after uniaxial tensile loading in horizontal
direction: (a)failed 0° specimens; (b)an enlarged portion close to main crack.
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Fig. 9. Micrographs of cross-section of 0° fracture surface: (a)at higher
magnification; (b) at lower magnification.
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Fig. 10. Photographs of failed specimens after uniaxial tensile loading in horizontal
direction: (a) failed 30° specimens; (b)an enlarged portion close to main crack.
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Fig. 11. Micrograph of a 30° specimen in the vicinity of the main crack region.
Secondary cracks were observed (note: specimen was loaded in vertical direction).
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(b)

Fig. 12. Photographs of failed specimens after uniaxial tensile loading in horizontal
direction: (a) failed 45° specimens; (b)an enlarged portion close to main crack.
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Fig. 13. Micrograph of a 459 specimen around the main crack region.
were observed (note: specimen was loaded in vertical direction).
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(b)

Fig. 14. Photographs of failed specimens after uniaxial tensile loading in horizontal
direction: (a) failed —45° specimens; (b)an enlarged portion close to main crack.
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(b)

Fig. 15. Photographs of failed specimens after uniaxial tensile loading in horizontal
direction: (a) failed 60° specimens; (b)an enlarged portion close to main crack.
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(b)
Fig. 16. Photographs of failed specimens after uniaxial tensile loading in horizontal
direction: (a)failed 70° specimens; (b)an enlarged portion close to main crack.
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Fig. 17. Micrograph of a 70° specimen around the main crack region. Secondary cracks
were observed (note: specimen was loaded in vertical direction).
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(b)

Fig. 18. Photographs of failed specimens after uniaxial tensile loading in horizontal
direction: (a) failed 90° specimens; (b)an enlarged portion close to main crack.

24

> F F© v F v F & " "



R A A B E B B B B B B AR & A 8 B R B

The basic linear-elastic properties of a unidirectionally reinforced lamina are the four
in-plane, plane stress stiffnesses Q11, Q12, @27, and QOgg that relate stresses to strains in
coordinate system X; and Y, which coincides with the principal directions of ply symmetry, as
shown in Fig. 19. Accordingly, one has6

o) =016 +0nE -
Oy =016 +0n&; . (1)
T =066 V6 -

The above stiffnesses can be related in terms of the longitudinal and transverse moduli E1 and E2
as follows:

E
O =——
1-vj,vy
E,
Oy = .
1-vy,Vy )
__Vak VL E,
Op =
1=viva 1-vyvy
O¢s =G12

In the above, vy, is the Poisson's ratio that relates strain in the direction of Yy due to stress in the
direction of Xy and vy for the reverse case.

AYI
G2
A
__> 06
pXi “&—i T—»Gl
C6 >
v
02

Fig. 19. A unidirectionally reinforced ply with the principal axes of symmetry and
state of stresses.

When the lamina principal axes (X1,Y1) do not coincide with the loading direction (x,y) (as
shown in Fig. 20), the stress-strain relations with respect to axes x and y take the following form:

o) [@ 3 B
Oy (= _Q_lz gzz g26 0 (3)
Ts Oi6 Q26 Dec |75

where the oriented stiffnesses are related to the principal stiffnesses through tensorial transforma-
tion. For an orientation angle 8, measured positive counterclockwise from the x-axis to X-axis,
as shown in Fig. 20, the transformation relations read® as follows:

25



% \
//

/ > »

Y, /
K

X

Fig. 20. Unidirectionally reinforced plies orientated at angles Band 8+ g with loading

applied relative to the common direction x andy.

0 =m0y +n*0y, +2m*n*Q;, +4m’n’ Qg4

O =10y +m* 0y, +2m*n*Qy, +4m’n’ Qg6

@12 =m2”2Q11 +"12”2Q22 +(m* +n4)Q12 _4m2n2Q66 )

06 =m*nQy; —mn’Qgy +(mn® =m>m)Qy +2(mn® —m*n)Qss
§26 =mn3QH —m3nQ22 +(m3n —mn3)Q12 +2(m3n—mn3)Q66 ,

= 2.2 22 2 2.2
Oes =m*n’ 0y +m*n* 0y —2m*n’Qyy +(m* —n*)* Qg

4

in which, m =cos@and n =siné. For the angle 6+ ;ﬁ ,the above equations can be reproduced by

letting m =—n and n = m. Straightforward manipulation of Eq. (4)yields the following expres-
sions for the stiffnesses A, of symmetric, balanced, crossply laminates oriented at an angle €

about the x-y coordinate system:

Ay = Ay =12”—h0[(m4 +n*Y)Qyy +Q0gp) +4m*n* (O3 +2066)]
Ay =£2Lho[2m2"2(Qn +Q22)+2(m4 +n4)Q12 —8m2n2Q66] 5
(5)
"p 3 3 3_ 3
Ay =— A =—2—h0[(m n—mn”)(Qyy + Q) +2(mn” —m n)(Qy; + 204 )] ,

Agg =-”2;3—h0[2m2n2(Q” +Q22)—4m2"2Q12 +2(m* =n?)? 0]

where A, is the lamina thickness, and nyp is the total number of plies.
Consequently, when subjected to a uniaxial load Ny, the longitudinal stiffness and the
Poisson's ratio of the laminate are given by
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2 2
E 1 [ijz 1 [A“ _ A2 Aes + AesAie —2A12A16A26J ©)
Ay Ags ~ 4

and

g_.v — Ajy Ags — Aig Ay
xy 2
€ Az Ags = A

X

Q)

Note that Egs. (5), (6), and (7) contain the combined values of Q11 + Qj», rather than Q¢ and
(O»7 separately. This is a peculiarity that applies to symmetric, balanced, crossply laminates.

3.5.2 Evaluation of Q1 T Q22, Q12, and Qg6

Two laminate orientations, ¢ =0° and ¢ =45°, were used to backtrack the lamina properties.
The experimental data (reported in Table 2) gave average values of E" =45.1 GPa, v = 0.061,

E® =11.7GPa, and v} =0.764. For the case of ¢ =45°, Eqgs. (6) and (7) reduce to

2
|:'1—(Q11 +02)+ 0 _2Q66}

4s _1 J L2
E, —4(Q11+Q22)+2(Q12 +20¢) O+ 05y +20,, + 405 , 6]
and
45 _ O+ 0y +2(01) — 2066) ©)
O + 0 +2(017 +20¢¢)
For ¢ =0°, one obtains
2
Bl =10 +0p) -2 (10)
2 O+ O On +0a
and
0 201,
WO oL an
i On +09x»

Equations (8) to (11) yield four expressions for the three unknowns Q11 + 022, 012, and
Qe In view of the unavailability of unidirectionally reinforced samples, these expressions,

together with the experimental data for E£;° ,v{>, E,", and v{ ,employed in combinations of
three sets at a time, yielded the following average values for the above three unknowns: Q;; +
O =91.7 GPa, Q12 = 3.1 GPa, and Qg = 3.3 GPa, with an uncertainty of approximately 5%

due to layup variabilities.
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3.5.3 Predictions for Other Orientations

It is now possible to employ the foregoing values of Q11 + 022, O12, and Qge together with
Egs. (5) to (7) to predict the laminate moduli and Poisson's ratio at all orientations ¢. These pre-
dictions are shown in Figs. 21 and 22, where the average value of data recorded for ¢=30°, 60°,
70°, and 90" are shown to fit almost exactly with the predicted values.

50

45 A Experimental

40 4 — Prediction

35 4
30

25

Stiffness (GPa)

20

15 A

10 A

0 10 20 30 40 50 60 70 80 90
Orientation Angle, ¢ (deg)

Fig. 21. Variation of tensile stiffness within the linear range of stress-strain response
vs loading orientation for [+45]3g crossply laminates and comparison with predictions of
classical laminate theory.

0.90
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0.70

0.60 -

0.50 -+

0.40 -

Poisson's Ratio
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— Prediction

0 10 20 30 40 50 60 70 80 20
Orientation Angle, ¢ (deg)

Fig. 22. Poisson’s ratio vs loading orientation for [£+45]3g crossply laminates and
comparison with predictions of classical laminate theory.
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3.6 EVALUATION OF Q31 AND Q3;

As noted earlier, a peculiarity associated with symmetric, balanced, crossply laminates pre-
cludes the evaluation of Q1 and Q», individually, though it is still possible to calculate their sum
from laminate stress-strain data. For that purpose, the following properties were considered for
the individual fiber and matrix phases:4

T300 fiber: Ejr= 221 GPa, Eyr= 13.8GPa, and v, =0.2.
Urethane matrix: E,, =2 GPa and Vv,,, = 0.385.

Furthermore, as noted earlier, one has Vr,y, = 64.5% with Vy 75, = 66.5%. Thereby, Vi, row
= 33.5%; Vin outside tow = 35.5% (thus, Vy=42.9%, V,, = 57.1%).

Micromechanics considerations state that to a high degree of accuracy it is possible to assess
the longitudinal modulus and Poisson’s ratio of the unidirectionally reinforced composite ply by
the rule of mixture. Thus,

E,=V/E +V,E, =96.9 GPa ; (12)
Vlz :valf2 +Vme :031 . (13)

Turning to the transverse modulus E2, the following assumptions are employed: (1) the
fibers within the tow region are hexagonally arrayed, and (2) the two regions and the resin
regions outside the tow are arrayed in series, as sketched in Fig. 23. Consequently, the transverse
modulus within the tow region is evaluated according to the Halpin-Tsai expression:’

1 + fZVf,Tow

(14)
" 1"ZVf,Tow

E2,Tow =E

Tow region ® 00

o ..QC.
®_0 @ |0

e 0
L 3 '0.
® 9 ® | 4645

Vf, Tow = 0.665 ° o ° o0
® "o
1Oy 0@ ¢ © ¢|:

ve=0.429 : ;
Region of resin 0.355
Outside the tow

Fig. 23. The idealized model for the evaluation of E; .The quantity vfow denotes the
fiber volume fraction within the tow region, and v is the fiber volume fraction within the
composite.
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Thus, letting d denote fiber diameter and h the distance between the centers of neighboring
fibers, one has (d/h)2 :ZﬁVf’TOW In ,resulting in d = 0.856h. This, in turn, yields the follow-

ing values for the auxiliary quantities Vip tow, {, and x: Vinp Tow, =0.012, £ =0.024, and =
0.858, whereby E Tow = 2.34 GPa. The transverse modulus E2 is now obtainable from the
inverse rule of mixtures, which applies to phases arrayed in series; namely,

1 Vigy . Vmoutsideow  0.645 . 0.355

- = ) (15)
£y Eyrow Ep 234 2
resulting in E2 = 2.25 GPa. The quantities Q7 and O»7 can now be computed from
E E, E,
-— = , 1% -V . (16)
On rp——" O v, 21 =g

The above equations yield Q11 = 95.7 GPa, Q93 = 2.24 GPa, whereby Q1 + 02, =
97.94 GPa. The latter result is close to, but not identical with, the average experimental value of

91.7 GPa. Reapportioning Q11 and Q22 through the factor of 91.7/97.94, we finally get 011 =
89.6 GPa and Q77 = 2.1 GPa.
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4. TIME-DEPENDENT DEFORMATION OF CROSSPLY LAYUPS
41 EXPERTMENTAL PROGRAM AND DATA

411 Tensile Tests

Tension-to-failure tests were conducted using an 810 MTS system at a constant rate of
1.016 mm/min (0.04 in./min) at temperatures of 23°C and 120°C. Longitudinal and transverse
strains were recorded by strain gages and extensometry. The longitudinal strains vs stress at 23°C
were shown earlier in Fig. 7.

4.1.2 Creep and Recovery Tests

Creep and recovery tests consisted of the application of a step stress of amplitude o, and its
subsequent removal after a time #,. Creep and recovery strains were recorded during the time
intervals 0 <7 <t, and ¢, <t < rt,, respectively. The values of v varied between 2 and 15. The
resulting stress and strain histories are sketched in Fig. 24.

Replicate tests were performed at various levels of o, with several durations ¢, and r#,, at
different levels of temperature and at various fiber orientations. These are listed in Table 3, where
¢ denotes orientation in degrees, and T is the temperature in degrees Celsius.

Typical results, accompanied by standard deviation scatter bands, are exhibited in Figs. 25
and 26 for T=23°C, t, =5h, rt, =20 h (i.e., 15h of recovery time) and various levels of o,
Note the increase in data scatter with stress level ¢,. Such an increase was also observed at higher
test temperatures.

The abovementioned data scatter can be attributed to the inherent nature of multiphase mate-
rials where flaws and voids are randomly distributed. However, in the present case, those charac-
teristics were compounded by the nonuniformity typical of the material at hand. As noted earlier,
variances introduced during the manufacturing process resulted in localized nonuniformity in
fiber and void volumes, resin impregnation, and fiber orientations. A somewhat extreme circum-
stance is exhibited in Fig. 27, where creep and recovery strains were recorded at various stations
along the same test coupon. In this case, the onset of localized damage, in the form of non-
uniformly distributed matrix cracks, resulted in vast discrepancies in the recorded strain data. The

effects of stress, temperature, load duration, and load orientation on the time-dependent response
of the composite at hand will be detailed in Sect. 4.2.1.

o(t) (@) £(t) (b)

1 to—

g(0,,t,)

—>; LTV {
to t"

Fig. 24. Schematic drawing of the creep and recovery response of viscoelastic material:
(a)step load input; (b)strain output. Solid line accounts for the permanent deformation, and
the dashed line is the recoverable, viscoelastic component.

o)
[
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Table 3. Creep and recovery test program

C Creep/recovery Number of Creep stress  Creep/recovery  Number of
reep stress . i
times ¢ /Sr -1t test times to/(r - Dt, test
Co (MPa) th specimens 0, (MPa) (h) specimens
¢ =45, T=23°C ¢=45° T=120°C
31 1/15 3 31 5/15 3
31 5115 5 31 24/48 1
31 24/48 3 46.5 5/15 4
46.5 1/15 3 46.5 24/48 2
46.5 5/15 3 62 5/15 3
46.5 24/48 3 62 24/48 1
62 0/15 2 ¢ =34°, T=23°C
62 1/15 3 32.8 5/15 3
62 5/15 6 32.8 24/48 3
62 24/48 3 49.2 5/15 3
775 0/15 2 49.2 24/48 3
77.5 1/15 3 65.5 5/15 3
775 5115 3 65.5 24/48 3
77.5 24/48 3 82 5/15 3
93 0/15 2 96 5/15 3
93 1/15 3 ¢ =340, T=50°C
93 5/15 4 32.8 5/15 2
93 24/48 3 49.2 5/15 2
108.5 1/15 3 ¢ =349, T="73°C
108.5 5/15 4 32.8 5715 1
108.5 24/48 4 ¢=15°,T=23°C
¢ =459, T=50°C 31 24/48 1
31 5/15 3 50.4 5/15 3
46.5 515 3 50.4 24/48 5
¢ =45° T=73°C 75.6 5/15 3
31 1/15 3 75.6 24/48 3
31 5/15 3 100.8 5/15 3
31 24/48 3 100.8 24/48 4
46.5 1/15 3 126 5/15 3
46.5 5/15 4 126 24/48 3
46.5 24/48 4 151 5/15 4
62 1/15 2 151 24/48 4
62 5/15 3
62 24/48 2 ¢=10° T=23°C
77.5 1/15 1 168 5/15 4
77.5 5/15 3 350 5/15 2
775 24/48 2 ¢=00, T=173°C
93 1/15 2 226 5/15 1
93 515 6 ¢=0°, T=120°C
93 24/48 2 395 5/15 1
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Fig. 25. Average values and standard deviations for 5-h creep data of 45 coupons at

Time [min]

23°C and their power-law fits for various stress levels.
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Fig. 26. Average values and standard deviations during 15-h recovery, following 5-h
their power-law predictions under various stress levels for 45¢ coupons at 23°C.
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0.035
1

Gage #2 Materials: T300/Urethane [45/-45]5¢
Matrix cracking (located over resin-richarea) Loading orientation: 456°
Creep:5h
0.030 - \ Recovery:15h
Temperature: 23°C
Creep stress: 93 MPa
0.025- (Gages positioned at equal distances
) | | along the sample, numbered from left to
right)
E '/ Gage #4 Extensometer
E Matrix cracks
E 0.00 Gage #5 e
E
= ~ Gage #3
E 0015 age
5 m
0.010
0.005
0.0004
(o] 200 400 600 800 1000 1200
Time (min)

Fig. 27. Creep and recovery data collected on a multigaged [+45]3s coupon exhibiting
nonuniform deformation within a test specimen.

4.1.3 Additional Tests

Further tests included the X-ray photographic inspection of damage within test samples at
increasing levels of applied stress, such as shown in Figs. 28 and 29, and the effect of coupon
width on the stress-strain-to-failure response. As may be expected, in the latter case (which is not

Failure

Fig. 28. X-ray images showing damage in [£45]3s composite (¢ = 45°) at various stress
levels (in %UTS, UTS = 155 MPa).
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Fig. 29. X-ray images showing damage after creep loading in [45/-45]35 composite
(¢ =300°) at various stress levels (in %UTS).
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shown here) the foregoing response became stiffer with increasing coupon width because of the
larger confinement provided by the wider tabs.

42 DATA REDUCTION
4.2.1 Creep and Recovery

The extensive data base for creep and recovery strains, listed in Table 3, could be expressed
empirically as a sum, E= &, + g, of a fully recoverable viscoelastic component &, and a perma-

nent component &,. The viscoelastic component could be related in power-law form, namely

E, =(D, tD;t")o, ; (17)

most generally, #, =/(0, 1, T ¢) ,where ¢ refers to time under load. Also, it may be anticipated

that Do, Dy, and perhaps also n, vary with g,, T, and ¢.

Typical results, confined to ¢= 459, are exhibited in Figs. 30—33. These and similar results
for other angles ¢, which are depicted in Figs. 34—36, yield the following empirical expression for
the permanent strain &,

£, = A(t/1,)"%2 exp[13.32T / Tg) + 24.2(0 / T R)IF(6) (18)
0.016
&(to, Materials: {46/-45);5 laminate
0.014 - SeEa <« Loading orientation: 45°
' Temperature: 23°C
Creep:5h
Recovery: 15h
0.012 1
77.5 MPa
~— 0.010 A
E
E
£
.§. 0.008
'E' 62 MPa
& 0006 //
46.5 MPa
s |
31 MPa
— £
5h
§
0.000 , ~ = ,
0 200 ! oT 400 600 800 1000 120¢
Time Iminl

Fig. 30. Typical creep and recovery curves of [+45]3g laminate coupons (¢ = 45°) at
23°C under various stress levels.

36



0.050

S —— £(to) Materials: {45/-45},5 laminate
o

93 MPa . . . o
Loading orientation: 45

0.045 1
Temperature: 73°C
Creep:5h

0.040 - Recovery: 15h
0.035-
E 0030 ~
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E
E 0025 1
£
S 0.020
b S 62 MPa
7.y
0.015 -1
46.5MP
a £p
0.010 1
31 MPa k
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¥
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Fig. 31. Typical creep and recovery curves of [+45]3g laminate coupons (¢ = 45°) at
73°C under various stress levels.

0.024
Materials: [45/-45],¢ laminate
120°C Loading orientation: 45°
Creep stress: 31 MPa
0.020 Creep:5h
Recovery. 15h
0.016
E
E
E
.E, 0.012
C
E
7]
0.008
73°C
50°C
0.004
23°C
0.00C - T
0 200 400 600 800 1000 1200
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Fig. 32. Comparison of the typical creep-recovery curves under the same stress level
31 MPa at different temperatures, showing the effect of temperature on the creep
deformation.
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0.016 ° Loading direction: 45'
24 h creep Temperature: 23°C
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Fig. 33. Comparison of the creep and recovery curves under different creep durations,
showing the influence of creep time on the permanent deformation.
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Fig. 34. Plot of permanent residual strain vs applied stress for 45° coupons at 23°C
with different creep durations, showing the influence of stress and creep time on the
permanent deformation.
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Fig. 35. Plot of permanent residual strain vs applied stress for 45° coupons at different
temperatures, showing the influence of stress and temperature on the permanent

deformation.
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Fig. 36. Plot of permanent residual strain vs applied stress for test coupons with three
orientation angles, showing the influence of loading orientation on the permanent

deformation.
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where

(-G -] |0 4
F(6)=1.1643-|1-10 |+1.3257 - |1-| = | |-149-1-12 |. (19)
45 45 45

In the above, 8 =45° _ @(indegrees), where ¢ is the orientation angle. Also ¢ is time in
minutes, ois the creep stress in megapascals, Tis temperature in degrees Kelvin, A is a dimen-
sionless constant = =3 x 1011, ¢; = 60 min, T =296°K, and ox = 550 MPa, which is the tensile
strength of the 0° specimen at 23°C . Accordingly, the recovery strain is given by

E.=Dy[t" —(t—1,)"10, +£,(1,,T,04,0) , 1>l . (20)

Note that, by hypothesis, no further permanent deformation occurs after load removal at time .

The essential role of g, in the fitting of creep and recovery data is exhibited in Fig. 37.
Restricting attention to 5-h creep data for [£+45°]35 coupons, followed by 24-h recovery, it was
possible to fit the stress and temperature dependence of the power-law parameters by the follow-
ing expressions, upon using averaged values for the creep parameters:

e={D, +D|[t-a(T))"}o, +£, , (21)

0.0051
g, =(D,* Do, +¢&,(1) X
0.0049 Creep data (with viscopiastic deformation)
Ep (to)
0.0047
E
£ 0.0045
E Modified data, upon discarding ¢, {t)
E
% 0.0043 }
= £ =(D, + Dit")o,
(72
0.0041 Creep: 24 h; .
Loading orientation: 45
Creep stress: 46.5 MPa ¢
Temperature: 23°C °
0.0039 Solid lines: power-law fits
D, =8.14 x 10° MPa™; D, =6.85x 10® MPa™min™; n= 0.145
0.0037
0 300 600 900 1200 1500
Time [min]

Fig. 37. Typical creep data (upper plot) and the modified viscoelastic portion (lower
plot). Comparisons with power-law prediction are shown by the solid lines (¢ =45°, 24-h creep,
23°C).
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where n =0.25, Dy = Do(T) = (7.02 +0.05037) x 103 MPa~! (Tin°C, 23°C < T < 73°C), D) =
[1.61 +0.05713(c- 31)H(o- 31)] x 10-® MPa~™min" and the "'shift factor,” a(T) =exp[74(1 -
Tr/T)] (Tin °K). Here H(:) denotes the unit step function.

An example for the utilization of Eq. (21) in fitting the elevated modified temperature data is
shown in Fig. 38.

It must be emphasized that in view of the aforementioned substantial sample-to-sample
variations, all the above parametric values, including those listed in Eq. (18), are scattered by
about 10-15% around their averages.

4.2.2 Long-Term Representation of Creep Data

As noted previously, the values of the power-law parameters and their dependence on stress
and temperature were based on 5-h creep data. It turned out that, to obtain optimal fits for either
longer or shorter creep times, it was necessary to employ different values of Dy, Dy, and n.
Specifically, Dy had to be increased, while » needed to be decreased, with creep time #, (see
Tables A.1and A.2 in Appendix A). This observation pointed out the inadequacy of the three-
parameter power law in serving as a model to predict the time-dependent response of the com-
posite under consideration. For example, consider the data for 24-h creep time followed by an
additional 48-h recovery period shown in Fig. 39. The optimal power law parameters, determined
S0 as to fit the first 5-h creep data alone, yielded increasing overestimates of subsequent creep and
recovery data, as shown in Fig. 39 for the overall data. Conversely, employment of the 24-h
power-law parameters provided an improved match against data as shown in Fig. 40. It was thus
attempted to fit the creep and recovery data by means of a Prony series, namely

£, =A, + T A(1-eT) 22)
i=l

&, ={D,+D|[t-a(T))"}o, +€,

o
8
3

0.0055 -

Strain f[mm/mm]

0.0050

0.0045‘ Solid lines: power-lawfitting using shift factor a(T) = 485.8
D, =8.97x 10° MPa™; D, =2.5x 10° MPa™min™; n=0.25

0.0040
(o] 50 100 150 200 250 300 350 400

Time [min]

Fig. 38. Typical creep data and the power-law prediction with shift factor (¢ =45°, 5-h
creep, 50°C).
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Fig. 39. Creep and recovery data and corresponding power-law fits: (a)creep,
(b)recovery.
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Fig. 40. Experimental creep and recovery data and modified power-law fits.

which contains a larger number of independent parameters. The above representation, which
involves n + 1 amplitudes 4; (i =0, ...n) and n retardation times 7 (i = 1, ... n), can be rewritten
as

{&,}=4, +[Dlyn {4}y » (23)

where Dy, = 1 - exp(- ti/ 7).

Obviously, A, = £/0). Thus, M data points, corresponding to times t = ¢ are to be matched
against 2n parameters 4; and 7. For attaining the best fit, it is necessary to have M > 2n.

The “linear” parameters 4; may be determined by correlating Egs. (22) and (23) with
experimental data, once the “nonlinear” parameters 7; are known. This can be achieved by
employment of the Gauss elimination procedure and optimal regression in the sense of least-
square error. An overdetermined system M > 2n generates smoother data-fitting curves. Subse-
quently, the determination of the parameters 7z was achieved by an iterative, nonlinear optimiza-
tion scheme for the least-square error. A similar approach is outlined elsewhere.*

Starting with assumed initial values of the nonlinear parameters 7;, the data on the left side
of Eq. (23) is utilized to solve for a concurrent set of values of 4;. With this set of 4;, the resulting
error in the fit serves to guide the adjustment of 7; for the next iteration. This procedure is
repeated utilizing nonlinear least-square methods, such as the steepest descent technique, until
convergence is achieved to within a prescribed tolerance.* A flow chart of the optimization
scheme is shown in Appendix B, with the corresponding least-square errors listed in Table 4.

*This tolerance is related to observed, inevitable fluctuations in the recorded data.
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Table 4. Least-square error in correspondence to number of exponential parameters

[ 3 4 5 6 7 8

A(x 10~ mm/mm) 0.9210 0.4110 0.2437 0.3450 0.2215 0.2183

Though not detailed here, data fits with ; > 4 were indistinguishable from each other. Conse-
quently, it was decided that i =4 presented the “best” choice. The corresponding Prony series
parameters are listed in Table 5.

Obviously, the nine-parameter Prony series generated here provided a better fit with the
creep data at hand. More significantly, this representation predicts the creep and recovery behav-
ior rather accurately for durations that extend beyond the time ranges employed for fitting the
creep data. This is shown in Fig. 41, where the permanent component of strain &, was deleted for
clarity. This good agreement between data and model presents an improvement over the result
shown in Fig. 39.

It is possible to employ the empirical Eq. (21) to incorporate the effects of stress and tem-
perature within the Prony series in Eq. (22). Accordingly, A4(7) should vary like Do(T); all 4;
should have the same, common, dependence on oas Di(o); and all 7; are to be decreased by a
common shift factor function a(7).

Table 5. Prony series parameters of fit to the early 5-h creep
data in Fig. 20(a) (A,,=0.0063 mm/mm)

I A; Ui

1 0.0004 0.0021
2 0.0008 1.0956
3 0.0007 47.3746
4 0.0011 351.7997
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Fig. 41. Comparison of the predictions (Prony series and power-law models) to
experimental creep and recovery data. Permanent deformation is excluded.
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5. PREDICTIONS FOR CROSSPLY BEHAVIOR
5.1 EFFECT OF LOAD ORIENTATIONANGLE ON CREEP
Inversion of Eq. (8), for ¢ =+45°, gives

£, =4( 4 +—3-)o, .

24
4 Oy +0n+20;; Des 24)

In Eq. (24), only Q22 and Qge incorporate the properties of the matrix phase to a significant
degree and are thereby time dependent. However, as noted earlier, for balanced crossply layups
01, always appears in combination with Q;1, in the form of Q11 + Q95. Furthermore, as shown in
Sect. 3.6, Q11 exceeds O by 2 orders of magnitude. Thus, it is possible to neglect the time-
dependent variation of Oy, and attribute all creep to the temporal dependence of Qgg. Denote

Qo6 = Qg6 (1) = Og6 (0) + 4046 (1) - (25)

Comparison of Eqgs. (24) and (25) with the power-law expression (17) yields

D, =1( + L1 J , 26)
4\ O +00n+201;  Qes(0)
where all the foregoing values of gj;, including Qee(0), are given in Sect. 3.5.2. Consequently,

1 1 n

L +4Dy" =1 +( + @7)
Qs (1) Qe (0) Q66(0) \ O +0p +201, Qg (0)

4 1 Dyt"
DO

Substitution of Eq. (27) into Eq. (9) indicated that v:ys decreases but slightly with time.
Though not shown here, this result was confirmed experimentally.
With Qge(?) thus determined, the longitudinal creep strain &(f) of any [¢/(@+ 1/2)]3g cross-

ply layup orientated by an angle @ about the direction of the uniaxially applied step stress o, can
be calculated using the inverses of Eq. (6).Computations were performed within the linear range

of viscoelastic behavior and in the absence of permanent deformation.

Direct substitution of numerical values for ¢= 15° and 34° into Egs. (5) and (6) resulted in
the predictive curves for gf) shown in Figs. 42 and 43. These predictions, which employed the
average power-law parameters, D, = 8.13 x 10-5 MPa~!, D1 =2.49 x 10-6 MPa~" min™", and » =
0.238,were compared against several replicate data sets.

Note the very good agreement between predicted and recorded creep behavior exhibited in
those figures. Inverting Eq. (10) one obtains

P 2(; +2Q22) —o 28)
(O +02)" —400

whereby all creep, if any, is due to the time dependence of O25. In view of Sect. 3.6, such
dependence would cause &, to increase by about 0.4% above its initial value over time. Indeed,
the creep and recovery data shown in Fig. 44 demonstrate the presence of the indiscernible
amount of creep at 0° orientation even at the relatively high stress levels of 168 and 350 MPa.,
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Fig. 42. Comparison of creep data from three replicate specimens with theoretical
predictions for stress-strain response within the linear range (¢ =159, 5-h creep, 23°C).
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Fig. 43. Comparison of creep data from three replicate specimens with theoretical
predictions for stress-strain response within the linear range (¢ =34¢, 5-h creep, 23°C).
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Fig. 44. Creep and recovery data of 0° coupons under stress levels of 168 MPa and
350 MPa (¢ =00, 5-h creep, 15-h recovery, 23°C).

5.2 CREEP UNDER TWO-STEP STRESS INPUT

In view of the wide scatter in the response of the composite material at hand, which
increases with stress level as shown in Figs. 25 and 26, it is extremely difficult to predict its
behavior under complex inputs in the elevated range of stresses. However, for a limited range of
nonlinearity, namely, in the absence of internal damage and permanent deformation, such predic-
tions may still be feasible. For this purpose, consider the case of a two-step stress history applied
to a [£45°]35 sample:

0 =0, H(O)~ H(t1,)]+0,[H(t 1,) - H(t —1,)]
(29)
=0, [H() = H(t~1))]+(0) ~ 0, )[H(t~1,) - H(t~1,)] ,

where, as before, H(-) denotes the unit step function.

The following specific values were employed in the test program: g, = 31MPa, o1 =
46.5 MPa, t, =300 min, and 7; = 600 min. The above stress history is shown by the dashed line in
Fig. 45.

Consider the power-law representation given in Eg. (17). As can be noted from Tables A.1
and A.2, to attain "'best'" data fits it is necessary to vary the creep parameters D,, Dy, and » with
the stress level o Specifically, for o= 31 MPa, one may employ D, = 7.85 x 10~ MPa~!, Dy =
2.49 x 1076 MPa" min™, and n = 0.238; for o= 46.5 MPa, the suitable parameters are D, = 8 X
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Fig. 45. Experimental data and model prediction under a two-step load history for
[£45]35 coupons at 23°C.

10-5 MPa~!, D1 =3.24 x 10~ MPa—" min™", and » = 0.269. (The average numerical values of the
above parameters are 7.93 x 10~3, 2.87 x 1075, and 0.253, respectively.)

A good prediction for the creep and recovery under the above two-step stress history is
obtained by superimposing the creep and recovery strains that are due to o(f) = gp[H(t) - H(t -
10)] with values of D,, D1, and » that correspond to ¢, = 31 MPa and the creep and recovery
strains caused by o(r) = o1[H(t - t,) - H(t - ;)] with values of Dy, Dy, and n associated with o7 =
46.5 MPa. This ""piecewise superposition’ that employs stress-varying creep parameters,’
provides a far better agreement with creep data than linear superposition employing average
values of creep parameters D,, D1, and n. Results are shown in Fig. 45.
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6. THE TIME-DEPENDENT AND NONLINEAR RESPONSE
OF QUASI-ISOTROPIC LAYUPS

6.1 MATERIALS AND TESTING PROGRAM

The quasi-isotropic test coupons were cut at different angles, ¢, relative to the fiber direction
in the top ply, as shown in Fig. 46.*

Tensile tests were again conducted using an 8 10MTS Material Testing System with a load-
ing rate of 1.016 mm/min at four different temperatures (23°C, 50°C, 73°C, and 120°C). An axial
extensometer and several strain gages were used for recording the strains in both the longitudinal
and transverse directions of the test coupons. At least three replicate specimens were tested for
each case.

Additional test coupons, with the same features as mentioned previously, were employed to
conduct creep and recovery tests. The short-term creep and recovery tests were performed on the
810MTS Material Testing System at various levels of fixed stresses under load control mode.
One extensometer and several strain gages were attached to the surfaces of test coupons to record
the deformation response during creep loading, followed by recovery on unloading. With one
exception, all the foregoing tests involved 24 h of creep followed by 48 h of strain recovery. Tests
were performed at three temperature levels (23°C, 73°C, and 120°C). Residual strain values at the
end of the recovery period were considered to represent permanent deformation. The creep and
recovery test program is listed in Table 6.

Loading Direction X,

\HW!U[lll{l[I!Illmum.u‘w“

| uw

uw“ul UUil Mw

Fig. 46. Illustration of quasi-isotropic laminates with layup misalignment.

HUMIIIIIIU'.Im

Specimens

*In that figure, some ply groups are misaligned. The observable effects of such misalignment are discussed later.
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Table 6. Creep and recovery test program

Creep stress tCi;qe:Spt/r/e(cm';t)rty Nuntlel;et:r of | Creep stress tC.reept/r/((ecov;e)rty Nun;btir of
o/ (r = 1)1, imes to/(r - 1)t es
% (MPa) (h) specimens % (MPa) (h specimens
¢=10° T="73°C ¢=122.59 T="73°C
59.2 24148 2 59.2 24148 2
88.8 24/48 3 88.8 24/48 2
118.4 24/48 3 118.4 24/48 2
148 24/48 2 148 24/48 2
177.6 24/48 2 177.6 24/48 3
¢=09 T=120°C ¢=122.5°, T=120°C
59.2 24148 1 59.2 24148 4
88.8 24148 1 88.8 24/48 2
118.4 24148 1 118.4 24/48 4
148 24/48 1 148 24/48 4
148 72148 1 177.6 24/48 2
177.6 24/48 1
¢=10° T=23°C ¢=900, T=23°C
118.4 24148 | 118.4 24/48 1
¢=45°, T=23°C 148 24/48 1
177.6 24/48 1
@ =45°,T=73°C 9=90°, T=73°C
59.2 24/48 2 59.2 24/48 2
118.4 24148 2
¢=67.59, T=23°C 177.6 24/48 1
118.4 24/48 1
¢=67.5° T="173°C ¢=90°, T=120°C
148 24/48 2 177.6 24/48 1
177.6 24/48 2

6.2 LINEAR RANGE OF LAMINATE RESPONSE

6.2.1 Tensile Properties of [0/90/45/-45]g Laminates

With the foregoing properties at hand, it was possible to evaluate the longitudinal stiffness
E, of the quasi-isotropic laminate under uniaxial tension. Recalling Eq. (6), one obtains expres-
sions for the in-plane laminate stiffnesses given in Eq. (30), which include an imperfection angle
« as shown in Fig. 46. For the quasi-isotropic laminate under consideration, 4, =0.28 mm, and
the total number of plies is nj, = 8.

Obviously, for a perfect quasi-isotropic layup (i.e., with o = 0), E, should not depend on
load orientation. Nevertheless, actual room temperature experimental data, which are listed in
Table 7 and depicted in Fig. 47, indicate the presence of angular dependence in E, even within
the linear range of stress-strain response. This departure from quasi-isotropy can be traced to
reported layup misalignments during the manufacturing process, when adjacent, stitched crossply
pairs could not be stacked precisely at +45° to each other, as desired.

To assess the effect of such misalignments, consider the circumstance where the inner
[+£45°] ply groups were tilted by a common angle a about their proper directions during the
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Table 7. Tensile data for quasi-isotropic composite coupons loaded at various orientations

Orientation

Stiffness

Tensile

Temperature Failure strain Poisson's
angle GPa strength :
(deg) ©C) (GPa) (Mpg) (%) ratio

0 23 30.8+0.7 306.0 £+ 10.0 0.98+ 0.05 0.305+ 0.05
50 298+ 1.3 291.6 £ 435 094+ 0.17
73 31215 284.6 + 37.3 0.94+0.18
120 26.7+ 2.3 260.5+ 449 0.98+ 0.12 0.343 £ 0.02
15 23 28.9=+0.5 239.5 + 28.6 0.86+ 0.11
225 23 290.0+ 2.7 254.5 + 21.3 0.92+0.10 0.355 + 0.05
50 32.1+£038 306.8+ 4.6 0.91+0.04
73 314+1.2 2735+ 12.3 0.87+0.11
120 258+ 4.1 2181 +27.4 1.00+ 0.14 0.393+ 0.02
30 23 26.9+0.8 277.7+5.0 1.09+ 0.03
45 23 322+ 0K 295.0+ 159 0.92+ 0.04
67.5 3 299 0. 289.7 + 23.7 1.01+0.11
SO 306=x0.1 298.8 £ 9.1 1.04+ 0.02
73 275+ 04 2885+ 21 1.02+ 0.05
120 24.3+ 0.3 2052+ 4.7 116402
90 23 302+1.0 204174 0.96 = 0.03
SO 30725 288.9+54 0.92 + 0.06
R 302+0.5 303.0+ 21 0.99+ 0.03
45 T
MATERIALS: {0/90/45/-45}, COUPONS M EXPERIMENTAL DATA
0 LOADING RATE: 1 mm/min
1 TEMPERATURE: 23°C OAFTER SCALING BY SPECIMEN THICKNESS
35 - UPPER BOUND: E, = 33.3 GPa
LOWER BOUND: E, = 32.1
30 J
§
V25 -
2}
)
w
Z 20
.
[
/7]
15
10 1

ORIENTATION ANGLE (deg)

Fig. 47. Stiffness vs orientation angle of quasi-isotropic composite at 23°C. The dashed
line denotes the values for ideal quasi-isotropic laminates. calculated according to laminate

theory.
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manufacturing process. as shown in Fig. 46. Suraightforward manipulations of laminate
equations! 0 yield the following expressions:

.

SN

+2h,(0y5 + 2046 ) {sin® (20) + cos* [ 2 + §)]!

Ay =2h, (O +0nn - 4Q66)%{sin2 (20) + cos”[2(a + 9)]} +

+ 4h0Q12{COS4 ¢ +sin® ¢+%+%sin2[2<a+ ¢)]§
J

P .

Ags = 2h,(O)) + Oz — 2Q,2)% Isin? (20) + cos™ [ 21a + §)]} + 4h, Q¢ fcos” (29) + sin [2(a + 9)]; .
(30)

As noted in Sect. 3.5.2 and 3.6. the best esumates for tlie O;; values are Q057 = 89.6, Q22 =2.1,
Q;- = 3.1, and Qg = 3.3 (all in GPa). '

The resulting departure {rom quasi-isorropy can be evaluated by combining Egs. (30) and
(6). Results are depicted in Fig. 48, where E, at different orientations ¢ is plotted vs the mis-
alignment angle a. with « varying between 0¢ and 20°. It is evident that departures from quasi-
isotropy increase with o..

50 - 20
Loading angle ¢ relative
45 A to the fiber axial direction | ;e
in the top layer

16

1.4

=
N

Laminate Stiffness, E (GPa)
5
E(0)min/E()rrax

0.8

0.6

0.4
54 0.2
0 0.0

0 5 10 15 20 25
Misalignment Angle, a (deg)

Fig. 48. Influence of laminate layup misalignment on tlie stiffness of yuasi-isotropic
composite.
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Note, however. that the results shown in Fig. 48 correspond to the assumed misaligned con-
figuration depicted in Fig. 46. This configuration may or may not correspond to the actual mis-
alignments that occur during the layup process. Due to practical limitations, it is only possible to
measure the anpular orientations of the outer layers of the laminate, while the directions of the
inner plies may be estimated with some uncertaintv with the aid of X-ray photographs. Never-
theless, an analysis of the idealized misaligned layup shown in Fig. 46 can provide a reasonable
estimate for the magnitude of misalignment angles that occurred during the actual layup
processes."” For the actual ratio of E,;n/Eax that was recorded experimentally, it appears that a
reasonably good estimate is a = 5°.

6.3 STRESS-STRAIN BEHAVIOR IN THE NONLINEAR RANGE
6.3.1  Crossply Composite

To explain certain aspects of observed departures from quasi-isotropic response, it is neces-
sary to utilize the nonlinear stress-strain data of crossply laminates. For the crossply composite.
the stress-strain response is highly orientation dependent. For loading orientations ¢ = 0° and 90°,
which are parallel to fiber directions, the stress-strain curves are nearly linear up to failure, as
shown in Fig. 49. However. that linear range diminishes monotonically. and nonlinearity tends to
prevail, as the angle between load and fiber direction increases. This angular dependence
becomes most pronounced at ¢ =45". The nonlinearity becomes further accentuated with
temperature, as shown in Fig. 50.

700
600 23°C
23°C
0,
500 - 120°C
120°C
é 3
[2]
w
g 30 e
==
(5]
2004
100 4 MATERIALS: T300/URETHANE
LAYUP: CROSSPLY
LOADING ORIENTATION: 0°
LOADING RATE: 1 MM/MIN
Fal
-0.40 -0.20 0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40
- & STRAIN (%) &G ———»

Fig. 49. Typical stress-strain curves of crossply composite, with loads applied at
orientation angle ¢ = 0° under two temperatures.

*Although a wide scope of possibilities exists for the locations and orientations of the misaligned plies, the in-
plane stiffnesses of the laminate are highly insensitive to any particular ordering of those locations within the laminate.
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Fig. 50. Typical stress-strain curves of crossply composite. with loads applied at
orientation angle ¢ = 45° under three temperatures.

6.3.2 Quasi-1sotropic Composite

The main purpose of this subsection is to provide a rational, mechanics-based. explanation
for the consistently observed dependence of the stress-strain response of the quasi-isotropic com-
posite on load orientation at the elevated stress range.

Typical stress-strain to failure curves for quasi-isotropic coupons tested at various orienta-
tions are shown in Figs. 51-54. Despite the data scatter that is attributable to layup mismatch
angles o as shown in Fig. 46. these figures exhibit consistent departures between the response of
coupons tested in orientations ¢. such as 0°, 45°. and 90°. which are patallel to fiber directions,
and the softer behavior of samples tested in intermediate orientations ¢ such as 15°, 22.5°, 30°,
and 67.5°. Clearly. the response at angles ¢ is nonlinear. with nonlinearity increasing with both
stress and temperature. Note that. ideally. all stress-strain curves should coalesce toward a
common straight line near the origin. However. this may not occur in all circumstances. because
of the aforementioned layup misalignments. as discussed in Sect. 6.2.1. A specific example for a
departure between the response at ¢ = 0° and the behavior at ¢ =22.5° which emanates from
the origin of the stress and strain coordinates. is shown in Fig. 55. Obviously, in this case some of
the plies in the sample tested at ¢ =22.5° are misaligned about their designated quasi-isotropic
orientations. and the effects of nonlinearity and misalignment compound each other. Other
causes: such as an unequal spacings between fiber strands. can also contribute to the observed
disparity.
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Fig. 51. Typical stress-strain curves of quasi-isotropic composite at various

orientations at 23°C.
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Fig. 52. Typical stress-strain curves of quasi-isotropic stitched composite at various

orientations at 50°C.
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Fig. 53. ‘l ypical stress-strain curves of quasi-isotropic composite at various
orientations at 73¢C.
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Fig. 54. Typical stress-strain curves of quasi-isotropic composite at various

orientations at 120¢C.
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Fig. 55. Comparison of stress-strain curves of quasi-isotropic composite with two
different loading orientations (¢= 0° and 22.59) at 120°C.

6.3.3 Basic Nonlinear Properties and an Approximate Model

It is possible to account for the nonlinear behavior of fiber-reinforced polymeric composites
by means of plasticity and viscoplasticity theories 11-13 The formulation involves the association
of the effective stress & with the effective plastic strain £7 within the larger context of plasticity
theory. Because a negligible amount of nonlinearity occurs parallel to the fiber direction, x;, the

normal stress oy 1s assumed to play no role in & . Thereby. in a two-dimensional case. the effec-
tive stress ¢ 1S associated with shear stress, 777. and the stress normal to the fiber direction, o5,
through the expression

172
7= |3loi+2053)

Furthermore. in most circumstances, & and £” were related by the empirical expression
£P =4 ". The details are reproduced in Appendix C.

The determination of the parameters a, A, and n requires the employment of a comprehen-
sive experimental program that utilizes unidirectionally reinforced off-axis plies, at various off-
axis orientations, 6, although it appears that balanced + & angle plies could also be utilized.
Unfortunately, such samples were not available for the composite at hand.

It was therefore decided to assess the values of a, A. and » from the quasi-isotropic data by
means 0f an approximate approach and subsequently verify the validity of those parameters by
employing them to predict the nonlinear response of the [+45]3g crossply samples, utilizing an
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incremental computational method. The rationale behind the current approach is that because the
quasi-isotropic layups exhibited only a limited amount of plasticity, a nonincremental representa-
tion of their nonlinear stress-strain behavior would simplify the evaluation of the parameters a, A,
and n. while keeping the errors within acceptable limits. However. in view of the significant
nonlinearity in the response of the [+45]3¢ crossplv samples. the prediction of their behavior by
means of the more accurate model would establish the validity of the aforementioned parametric
values.

For a single. off-axis. unidirectional composite under monotonically increasing load N,. the
increment of the total strain can be decomposed into elastic and plastic portions:

de, =dey +del
X X X (31)
de, =de\ +de]

As mentioned earlier. the stress-strain response of the quasi-isotropic composite exhibited
only small-to-moderate nonlinearity. as shown in Fig. 56. Thereby. it was decided to avoid a step-
by-step. incremental. Jaminate analysis for this layvup and. as an approximation. to integrate
Eq. (31) directly, thereby obtaining for each individual plv

H

£ =50+ 40,

.

(32)

£, =5,0, +vE IO 40," (33)

Stress (MPa)

-0.03 -0.02 -0.01 0 0.01 0.02 0.03
Strain (m/m)

Fig. 56. Longitudinal and transverse strains vs stress for quasi-isotropic and
|+45°]3g coupons at 120°C.
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In Egs. (32) and (33), s,, and 5,, are the off-axis elastic compliance components ofunidirectional
lamina. while A, n. and 7(6) are the plastic parameters and transformation function detailed in
Appendix C and given in Eq. (C.13). Furthermore. the “plastic Poisson’s ratio” vf\ can be

expressed ast

vP = 1_—28‘ (34)

™ 2g+1an?6

In view of the fact that the longitudinal plastic strain must have a common value for each
and every ply in the laminate at all stress levels. as shown in Fig. 57, Eq. (32) yields

@)™ 40y, =IO ao) . = - =[h©)] 3 4oty =€l . (35)

where N is the number of plies of the laminate. For plies of equal thickness ¢, the average stress
Ox IS given by

N, 1
o, = _H~ = 71—(0” +0,,+ +0.n | > (36)
N,
/\

de_{,’_m_, /2 ﬁ

il —

y.m

det 2
<_

—~—
N,
Fig. 57. Schematic drawing of strain compatibility requirements for composite
laminates.
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where H = Nr is the laminate thickness. and all plv stresses oy ; must satisfy Eq. (35). Note that

the total number of plies of the laminate is N = H/1: thus. the a\ erage stress 6 may be expressed
as:

T I Ef ln
X i . hoe
(n(6)), ' ne)l- " (@), "
U
S e (i‘" (37)
N | LA L ‘
] =
which leads to
g =N" 4 =0, (38)
N ] 1
ol
)]

Similarly, the average value of the ransverse plastic strain can be approximated b
e = —]’V—Lg{j] L A S S g'(,’ANJ

1 » I r P ;
= X Vx_\'.l + V:(\‘.I’ - e + ny.N gx * (39)

resulting in an averaged "*plastic Poisson's ratio™

A

vl = %Zv;_‘, (40)

i=]

The total strain-stress relation may thus be expressed as:

E, = Haj0, TN" — A —o0y (41)
| |
A ]
iZ:l I+l 't{
[h@)]; " |



A [i"f»,}

E, = Ha,o, TN™' = ol . (42)
N ] L
Z‘ ] [

ne)]

The first terms on the right sides of Egs. (41) and (42) account for the elastic portions of . In
those equations aj; and ay, are the well known linear laminate level compliances. Denote the
elastic coefficients 7, and 7, as 7, = Hay) and 75, = Hay. and let the plastic coefficients & and

& be

£ =N" ) (43)
N ] 1
l“”"“]
“ho] J
N
A [va‘,}
é‘ — Nn—] i=] - (44)
N ] 1
S
“n@)] J
Equations (41) and (42) are then reduced to
£ =1,0,+¢.0; : (45)
£ =1n0,+<{ 0] . (46)

The elastic and plastic coefficients 7y, 7y, &x, &y and the parameter n in Egs. (45) and (46) may
be evaluated by fitting experimental data. This was accomplished by means of a nonlinear opti-
mization scheme that was designed to determine the 7y, 7y, &, &y, and n values that correspond
to the best least-square fit against both & and &, vs o, data sets. An outline of this scheme is
given in Appendix D.

Once the plastic parameter n and coefficients &,. and &, were determined by the aforemen-
tioned optimization procedure. the remaining plastic parameters A and a [the parameter a is
embedded in the function #(6)] can be determined by correlating Egs. (43), (44) and (C.13)."

Note that the present approximation inherently discards any nonlinearity that occurs in the
quasi-isotropic composite loaded in any of the fiber directions because by Eq. (C.13), 4(0) =0,
and thereby both & and &, vanish. This deficiency results from the assumption inherent in the
current approximation that overlooks the requirement of ply-by-ply uniformity of the transverse
strain & throughout the laminate. As noted earlier. the above approximation is not admissible for

* See Appendix C for Eq. (C.13).
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crossply laminates loaded in off-axis directions because in those circumstances nonlinearity
dominates the response.

The optimization scheme was employed to fit the stress-strain data shown in Fig. 56 for the
quasi-isotropic laminates loaded at 22.5° about the 0" fiber direction. at 120°C. The scheme
yielded the values of » = 6.619. a = 3.983, and A = 8.923 x 10-19 (MPa™"). The resulting predic-
tions. for both o, vs & and oy vs E,. are plotted inFig. 58 where they are compared against the
experimental data. In view of the previous remarks. these values are approximate. Nevertheless. it
is worth noting that the values of 7, and 7, came in close agreement with the laminate values
Hayy and Hays.

To assess the validitv of the aforementioned approximate values of », a, and 4. these
parameters were employed to predict the response of the [+45]3< crossply composite by means of
a detailed incremental scheme that ascertained uniformity of both Jongitudinal and transverse
strains.

The plasticity strain-stress expression from Appendix C s

el =[ne 4o, (C.18)
which can be written as
{———1 e}
o\' i = +1 E:}l : (47)
oo lwefTal
L -T N 230 l‘ 7

n=6.718 0 ‘ ©

a=2.141 ;

A=9919x107"*

§ (MPa™") .
2255 22 E°

ooo Experimental data
— --= Prediction |
© B
o8
=
v)
[7s]
g
3

-0.03 -0.02 -0.01 0 0.01 0.02 0.03

Strain (m/m)

Fig. 58. Predicted and recorded values of longitudinal and transverse strains for the
laminates and loading conditions noted in Fig. 55. Predictions based on elasto-plastic
behavior with n =6.719. a = 2.141. and A = 9.919 x 10-!MPan. Data for [+45]3g crossply
laminates was included 1n generating the above values.
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Differentiation of Eq. (47) gives the incremental relationship

do ,:——]—-T(gﬁi)ln']dggi, . (48)

x.d ]

alh(@] " 4

Because, by hypothesis [Eq. (36)]. all £/, and de;, have common values for all plies. the
sumination of all increments do _, vields the following expression for the average stress
increment:

- i e ﬁ_] de? (49)

N " n[h(@)], A”

Consequently, the incremental relationship between laminate level incremental plastic strain de?
and stress doy reads

1

NnA" (g !

de! = ") ndo, . (50)

[hw)]

Note also that in view of Eq. (34), v’/ has a common value for all plies in the special case of the

[+45°]35 layups. Consequently. the requirement of uniformitv of transverse strains is automati-
cally satisfied in the present circumstance. Equation (50) was solved numerically for stress
Increments Aoy, = 1 MPa. The computations employed the same values of n, a, and A as those
selected matching the quasi-isotropic data. Results for both & and & vs ox are also shown in
Fig. 58, where good agreement is exhibited between computational prediction and experimental
data for the crossply composite.

Nevertheless, the current coinputation scheme does not address the requirement that the
plastic component of shear stress, namely ¥?2 , should also be common to all plies. It is reason-
able to expect that the accounting for this latter requirement would further reduce the level of &,
that corresponds to a prescribed level of g, thus leading to an even better fit between data and
predictions for the response of the {£45°]ag crossply coinposite shown in Fig. 58.

With regard to the quasi-isotropic specimens, note that the stress-strain data for the 22.5¢
load orientation exhibit an abrupt change in slope prior to failure, as can be seen in Fig. 58. A
similar behavior was noticed by other researchers,!2 where such change in slope was attributed to
the formation of damage, the representation of which falls beyond the scope of the plasticity for-
mulation used here.

Employing the previous values of a,A. and n and the approximate computational scheme, it
was possible to predict the departure from quasi-isotropy at increasing stress levels, as loads con-
tinue to be directed away from the fiber directions. Results are shown in Fig. 59.
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Fig. 59. Predictions of the anisotropic response of quasi-isotropic laminate beyond the
lincar range. under loading at various orientations about the fiber direction. Comparative
data are shown for 0 and 22.5" orientations only.

The plastic components of strain. £/ and &£/ . are shown in Fig. 60 for both the [0/90/+45],
qguasi-isotropic composite. as loads aie directed away from the fiber directions. and for the
[+45]3< crossply composite. It can be observed that for the quasi-isotropic composite. the effect
of nonlinearity is negligible for stresses below 120MPa. Above 120 MPa. nonlinearity becomes
significant. and the stress-strain response is no longer isotropic, For the crossply composite.
nonlinearity appears to occur even at the lTow stress range and subsequently induces large in-plane
deformation.

An estimate of the error associated with the approximate computation of the quasi-isotropic
response at a loading orientation of 22.5". which discarded the required commonality of trans-
verse strains. is exhibited by the curves displayed in Fig. 61. The thin lines in that figure represent
the maximum and minimum values of £ in individual plies. and the thicker line exhibits the
average value of £ computed by the approximate method. 1t can be seen that the width of the
error band in terins of strain increases with stress and reaches a range of up to +20% at failure.
The resulting discrepancy for the o, vs & plot would obviously be smaller.
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Fig. 60. Predicted values of the longitudinal and transverse components of plastic
strains for quasi-isotropic laminates loaded at various orientations about the fiber direction
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Fig. 61. Maximal and minimal values of transverse plastic strain in the individual plies
of a quasi-isotropic laniinate loaded at 22.5° about the 0° fiber direction. The disparity
provides an error estimate for the approximate scheme.
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6.4 TIME-DEPENDENT RESPONSE
6.4.1 Data

Similarly to the case of tensile tests. tlie creep and recovery behavior of quasi-isotropic com-
posite coupons was found to depend on the load orientation angle ¢. and this dependence was
further accentuated with increasing stress amplitudes. Typical creep and recovery curves of quasi-
isotropic couponsunder various creep stresses at loading angles @==0° and @= 22.5° are shown
in Figs. 62 and 63, at temperatures of 73°C and 120°C. respectively. Similar results are shown in
Fig. 64 for room temperature (23°C). in which case only five specimens were tested in view of
the minimal amount of creep at that temperature level. Nevertheless, it can be seen from the
118.4-MPa tests that even in this case there is a discernible difference between the creep at tlie
""off-axis'" direction of 67.5¢ and the case where loads are applied parallel to a fiber directior:.
such as 0° or 90°. Furthermore. FFigs. 62-64 show that the permanent deformation also depends
on load orientation angle ¢ and Inti-eases with stress and temperature.

6.4.2 Data Reduction

By fitting the creep data with a power-law expression. namely

£ =(D,+Dt")o, . (51
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Fig. 62. Typical creep-recovery curves of quasi-isotropic composite with two
orientations at 73°C.
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Fig. 63. Typical creep-recovery curves of quasi-isotropic composite with two
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Fig. 64. Typical creep-recovery curves of quasi-isotropic composite with different

loading orientations at 23¢C.
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one can obtain the parameters D,. Dj. and v as listed in Tables & and Table 9. These tables
suggest that. for these short tests. D, .and D; are essentially independent of stress and orientation
angle ¢. However. the power 1 appears to be higher for ¢ = 22.5¢ than for ¢ = 0°.

6.4.3 Correlation Retween Tensile Response and Cr-eep Rehavior

The creep and recovery responses under different loading angles for the quasi-isotropic
coupons appear to be consistent with the behavior observed in the tensile tests. Both creep and
residual permanent strains were larger at load orientation of ¢= 22.5° than those that occurred
when loads were applied parallel to any of the quasi-isotropic fiber directions. Such difference.
can be attributed to Irreversible (plastic) nonlinearity. as depicted by the additional deformation
(Ag) that develops within the coupons loaded at ¢= 22.50 shown in Fig. 65.

As noted earlier. the quantity Ae was found to increase with stress and temperature.

6.4.4 Prediction of Creep Behavior of Quasi-lsotropic Composites Based on Crossply
Viscoelastic Characterization

1-or the quasi-isotropic layup. the In-plane laminate stifinesses 4;; are independent of the
loading orientation ¢ within the linear range. The following expressions for 4;; can be obtained
from Eq. (30)upon setting o = 0:

Ay = Ap = h,[3(Qy) +O00) + 2015 + 406 ]
Az =h, (O + Q)+ 6012 =40 -

(53)
Al(‘ = Az(\ =0 .
Age = hol(Q1y + 02p) = 2017 + 4046 -
Table 8. Parameters used for the simulations of the creep and recovery results
(¢ =00°,73°C)
o G M b :
-1 -4 min- -6

(MPa) (h) (h) (MPa~!, x10—°) (MPa"min™n, x10-9)

59.2 24 48 3.43 1.44 0.045

59.2 24 4h 3.58 2.01 0.045

88.8 24 48 3.34 3.31 0.050

88.8 24 48 3.93 2.20 0.045

88.8 24 48 3.34 2.20 0.045
118.4 24 48 351 1.78 0.045
118.4 24 48 3.45 1.08 0.045
118.4 24 48 351 2.15 0.080
148 24 48 3.28 1.53 0.060
148 24 48 3.84 1.48 0.060
177.6 24 48 3.58 4.00 0.050
177.6 24 48 2.96 6.20 0.040
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9 = h Kk L1

h K

Table 9. Parameters used for the simulations of the creep and recovery results

(¢=22.59, 73°C)

Creep Recovery

O X . D, Dy
time time . n
(MPa) (h) (h) (MPa-1, x10-5) (MPa—"min—n, x10-6)
59.2 24 4R 3.49 2.95 0.080
59.2 24 4s 3.61 2.50 0.080
88.8 24 48 3.74 3.05 0.045
88.6 24 4% 2.93 4.80 0.055
1184 24 4% 3.44 2.14 0.080
118.4 24 4p 3.70 0.65 0.080
148 24 48 3.87 3.41 0.045
148 24 48 3.51 1.60 0.090
177.6 24 48 3.53 1.00 0.050
177.6 24 48 3.53 1.68 0.045
177.6 24 4p 3.59 2.35 0.070
300
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Fig. 65. Typical stress-strain to failure response of quasi-isotropic composite at 120°C
with loads applied at ¢=0° and ¢ = 22.5° about the fiber direction.
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Subsequently, Eq. (6) yields the following relationship between longitudinal strain e, ana
stress o, :

£ =n 3(Qll + Q22 ) + 2Q12 + 4Q(w o
g [3(O1) + O )+ 204 +4Q66]2 =[(Q11 + O020) + 605 _4Q66]2

X

As noted in Sect. 5.1. it is possible to attribute all time dependence lo Qe and express it by
means of Eq. (27).

Upon employing D, = 4.18 x 10~ MPa-!, D} = 6.6 x 10=° MPa=" min™™, and n = 0.245 as
power-law creep parameters that fall within the range of values that fit the creep data for the
crossply composite, it is possible to predict the creep behavior of the quasi-isotropic composite by
substituting Eq. (27) into Eq. (53). An example for such a prediction is shown in Fig. 66.
Although the values of the instantaneous strain are subject to some uncertainty that is attributable
10 sample-to-sample variability in the value of O;; + 05>, the predicted time-dependent portion of
strain falls parallel to the recorded data. exhibiting excellent agreement with experiinental results.

0.004C
93 45 GPa > Qy, +Qp; > 90.88 GPa, Q,; = 3.1 GPa, Qesl(0) = 3.3 GP&
= - -3 = < e w  _
0.0039 D, = 4.18X10°MPa™’, D, = 6 6X10% MPa"min™, n= 0.245
MODEL {Qy, + Qg = 9088 GFa)
0.0038 S _

o
////’/‘ - oo ot o0 g 0 T o 20, S0 e F0000c 20000 %) DAT £
05 o 00 R N Nl ol

80, 0T ® eT
0.0037 | el o o

e’ MODEL {Qy; + Qy; = 93.45 GPa;
E 0.0036
E 0.0035
Z
a
T 00034
w
0.0033
MATERIALS: [0/90/45/-45]). OUASI-ISOTROPIC LAMINATE
- nC
0.0032 LOADING ORIENTATION: ¢

TEMPERATURE:23°C
CREEP STRESS: 118.4 MPs
0.0031 CREEP TIME: 24 h

0.0030
0 200 400 600 800 1000 1200 1400 1600
TIME (rnin)

Fig. 66. Pi-tdiction of creep behavior of quasi-isotropic composite based on crossply
viscoelastic characterization.
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7. CONCLUSIONS

The mechanical behavior of stitched T300 mat/urethane 420 IMR composites exhibits a sub-
stantial degree of randomness. which most likely results from the presence of multitudes of initial
flaws that can be attributed to nonuniformities in resin penetration during the rapid injection
process and the nonuniform fiber spacing. The effect of this randomness becomes especially pro-
nounced at elevated stresses and temperatures. Creep under sustained loading, as well as nonlin-
earity in material response, are caused by the inherent molecular structure of the polymeric phase,
but their extents are enhanced by the growth of the abovementioned internal flaws. Because
carbon fibers arrest nearly all creep parallel to their directions. this aspect of material behavior is
nearly absent in quasi-isotropic laminates. For this same reason. both deformation and creep of
crossply layups are highly sensitive to load orientation. This directional dependence of material
behavior limits the applicability of crossply laminates to those circumstances where the directions
of anticipated design loads are well defined.

In spite of the randomness. it is possible to establish a well-defined safe range for the load
carrying capacity of the composite. Within this range, which overlaps the region of linear
response, it is possible to predict the behavior of these laminates by means of classical laminate
theory in combination with linear viscoelasticity. Note that the light stitching incorporated within
the composite has no detrimental effect on its behavior.
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Appendix A. JOWER-LAW PARAMETERS

Table A.1. Best-fit power-law parameters D,, D, and n for creep data at 31 MPa and
several temperatures. Modified values correspond to viscoelastic creep g,(f) after accounting
lor permanent strains g,(t, 7. o, ¢). (Fits for individual replicate sample data)

h & B =

Creep  Recovery D, D,
Go time time (MPa~1, x1075) (MPa~"min~", x10~6) n
(MPa) (h) . o o - o
Unmodified Modified Unmodified Modified Unmodified Modified

120°C
31 5 15 19.0 19.0 219.0 164.0 0.166 0.135
5 15 22.3 22.3 340.0 215.0 0.110 0.102
< 15 21.3 21.3 239.0 164.0 0.135 0.110

730C
31 1 15 11.0 11.0 27.4 21.4 0.258 0.264
1 15 13.3 13.3 23.1 19.0 0.287 0.296
31 5 15 9.5% 9.58 36.4 20.0 0.167 0.210
< 15 10.4 10.4 30.3 19.0 0.210 0.220
5 15 9.45 9.45 311 19.2 0.206 0.230
31 24 48 9.03 9.03 63.3 34.2 0.138 0.150
24 48 10.7 10.7 37.8 25.0 0.149 0.140

500C
31 S 15 10.4 10.4 11.7 10.6 0.231 0.240
5 15 9.34 9.34 9.00 7.12 0.284 0.285
5 15 11.5 11.5 10.7 8.03 0.281 0.290

230C
31 5 15 7.74 7.74 3.44 2.58 0.205 0.198
8 15 8.25 8.25 1.99 1.66 0.320 0.330
< 15 8.12 8.12 0.95 0.59 0.340 0.380
31 24 48 8.23 8.23 511 5.25 0.194 0.145
24 48 7.65 7.65 8.85 7.88 0.101 0.101




Table A.2. Best-fit power-law parameters D,. Dy. and n for creep data at 46.5 MPa and
several temperatures. Modified values correspond to viscoelastic creep g4(r) after accounting

for permanent strains g,(1, 7, 6, @). (Fits for individual replicate sample data)

o Creep  Recovery D, Dy
0 time time (MPa~1. x310°%) (MPa=Pmin=", x1079) n
(MPa) ) I —— . .
o A Unmodified Modified  Unmodified Maodified Unmodified Modified
1200C
46.5 s 15 28.% 288 243.0 229.0 0.203 0.120
A 15 252 25.2 226.0 202.0 0.203 0.120
N 15 164 16.4 151.0 52.9 0.204 0.19%
< 15 161 16.1 118.0 Re.” 0.16% 0.150
73°C
46.5 1 15 13.5 13.7 39.6 27.5 0.318 0.332
] 15 126 12.6 24.9 14.4 0.227 0.32¢
46.5 | 15 10.h 10.6 57.9 25.% 0.146 0.210
< 15 10.6 10.6 60.9 33.0 0.130 0.155
< 15 10.h 10.8 47.& 34.5 0.179 0.165
< 15 10.5 10.¢ 47.7 28.5 0.184 0.1k
46.5 24 48 11.5 11.5 107.06 85.9 0.129 0.12%
24 48 10.7 10.7 38.3 20.9 0.146 0.145
500C
46.5 S 15 9.39 9.34 12.5 1.3 0.265 0.245
S 8.52 8.57 16.2 11.9 0.220 0.230
< 15 8.97 8.97 14.% 12.7 0.249 0.220
230C
46.5 < 15 8.37 8.37 392 3.24 0.232 0.24=
S If; 8.30 8.30 4,94 4.59 0.244 0.242
< IS 8.99 8.99 2.61 2.68 0.286 0.26&
46.5 24 48 7.73 7.73 7.95 5.75 0.164 0.160
24 48 8.14 8.14 7.65 6.85 0.164 0.145
24 48 7.36 7.36 6.95 6.49 0.164 0.155




Appendix B. OPTIMAL DETERMINATION OF LINEAR PARAMETERS 4
AND NONLINEAR PARAMETERS 7, OF THE PRONY SERIES

—Input experimental data, gy (ty)—
— Set tolerance of least-square error. rol—

— Assign initial values of the nonlinear parameters, 7',(0) —
—Ao = &0)—

b

Invoke Gauss elimination and linear leasi-
square regression to solve

{S}M = AO +[E]MN{Ai}N
forA,

1 =hlT
E,,=1"e

v

Estimate error

A
J=dg+ Y A(=e™'h)
i=1

Yes

Invoke nonlinear least-square regression
—-Gauss-Newton or Steepest descent methods—

to adjust

7 Output 4g, 45, and 7 /
< STOP

= -
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Appendix C. THE MODELING OF PLASTIC NONLINEARITY
IN POLYMERIC COMPOSITES

This appendix summarizes the three-parameter plasticity model proposed by Sun and Chen.!
The model assumes the distortional energy in a unidirectionally reinforced composite lamina for
the state of plane stress to be given by

2f(0,) =03 +2at, Sk , (C.1)

where a is an empirical plastic parameter, o>, is the in-plane stress transverse to the fiber direc-
tion. and 7y, is the in-plane shear stress. Also f'is the yield function. and & represents the yield
surface at which plastic flow occurs. The incremental plastic strain is given by:

det =gz (C2)
' a0,

1

In Eq. (C.2). dA is a proportionality factor. termed the plastic multiplier.
Substituting Eq. (C.1) into (C.2) the plastic strain components may be expressed in an
expanded form:

deﬂ [0
deyy =4 09y tdA . (C.3)
d?’xpv[ 12‘”12

Consider incremental plastic work per unit volume:
dw' = o,del =2 fdA . (C.4)

Based on equivalent plastic work, a measure of plasticity may be related by effective stress and
effective plastic strain, which are defined as

G=43/ . or f="- (C.5)
and thus
2
dE? =25 di . (C.6)

An empirical model, expressed in power-law form, was found to provide a reasonable repre-
sentation for the plastic behavior of composites.” Because nonlinearity in the stress-strain
response of many composites appears to occur at the onset of loading, one has

EY = AG" . (C.7)



Combining Egs. (C.1) and (C.5). one obtains

c ={%(03:3 + 202']22 )T : (C.8)

Substitution of Eq. (C.8) into (C.7)yields

‘ol

FF = A[%(aéj +2a1h )} : (C.9)
Equations (C.1) and (C.7) through (C.9) suggest that the plastic response of polymeric composites
may be characterized by the three constants n. a.and A.

For an off-axis unidirectional composite under uniaxial load Ny oriented at an angle &about
the fiber direction. the stress components relative to the principal directions of svmmetry are

GH \i COS: 6 ]
022 } = ‘l Sin: 1) OA' (C 10)
11,2 l | —sin @ cos @

Also. the plasuc strain in the loading direction 1<
de! =cos’ 0 de, +sin” @ del. —sin6cos dy. (C.11)

Combination of Lgs. (C.3). (C.10). and (C.11) leads to
2 :
de! = Z|n@fo,da . (C.12)

where A(6) is given by

b=

3

h(6) :B (sin“ 6+ 2asin® 6 cos’ 9)} (C.13)

In conjunction with the transformation function /(g). the effective stress and effective plastic
strain may also be expressed in terms of a,.From Egs. (C.6), (C.8), and (C.10) one obtains

g =h6)o, . (C.14)

and

o
de? ==h(6)o.dA . (C.15)
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Comparison of Egs. (C.15) and (C.12) yields

whereby, upon integration

T ho)
Substituting Eqgs. (C.14) and (C.17) into Eq. (C.7) one obtains

er =[O Aoy

(C.16)

(C.17)

(C.18)

Equation (C.1S) expresses the plastic strain-stress relation in an off-axis unidirectional com-
posite under a uniaxial load. This shows that under a certain stress level the corresponding plastic
strain is determined by the material plastic properties n, 4, and a, where a is embedded in 4(6).

In the case of laminates, all individual plies. oriented at different angles about the load
direction. are assumed to undergo the same strains E,, E,., and y, . To ascertain this common-
ality of deformation at each stage of loading. with (&) varying from ply to ply, it is necessary to
perform an incremental computation because the plastic components of strain vary nonlinearly

with stress.
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Appendix D. OPTIMAL NONLINEAR LEAST-SQUARE DATA FITTING
SCHERIE TO DETERMINE THE PLASTIC
PARAMETERS 4,4, ANDN

—Input experimental data, o4, & and &—

—Set tolerance of least-square error, 10/—
—Assign initial value of nonlinear parameter n—

>

Invoke Gauss elimination and linear
least-square repression to solve

le}=lo, o] {Z}

for 7and &

v

Estimate error
F=no, téo;

A:{i(]?—s):l

k=]

s
)

Yes
A<tol?

No

Invoke nonlinear least-square regression
— Gauss-Newtonor Steepest descent methods —
to adjust »

/ Output 7, & and /
P
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Appendix E. AMATHEMATICAL DEMONSTRATION FOR THE DEPARTURE
FROM QUASI-ISOTROPY CAUSED BY NONLINEARITY

Though not supported by experimental data. it is possible to provide a straightforward
demonstration for the fact that the respoiise of quasi-isotropic laminates becomes orientation
dependent in the nonlinear range of stress-strain behavior by means of a simplified nonlinear

formulation.
For this purpose. assume that the basic stress-strain relations of a unidirectional ply are given

by

o) =0n& +0pé; .,
0. =016 +0n&r (E.L)
Oq=f(&) -

Thus. Eq. (E.1) presumes that all nonlinearitv dwells in the stress-strain response in shear
alone. Obviously, f(£,) =—f(-¢&) and zl'mof(gé) =0
Ec—

Straightiorward manipulations of Eq. (E.1) yield the following expressions for the response
of a quasi-isotropic laininate under uniaxial stress applied at an angle ¢ about the X axis:

6= {2 (mé+ ) Q1 + 0+ 20?012 6
] I
Ox = [—2’(]1']4 +n4)(QH +Q22)+2m2n2Q12 't‘

+[m2n2 (O + 02) + (m* +1%)012] &

+mn [f{ (m? - n?) Yoo T 2mn (& - &) —f{(m? —n?) Yoo — 2mn( (& - §)}] , (E.2)

where m =cos¢ and n =sing.
In the special case that ¢= 22.5°, the above expression reduces to

Oy = % [3(Q11 + Q22) + 20121 & + é‘ (@11 + 0 +6012] 6 + 3/22 / {@(fx —Ey)} (E.3)
While, for ¢ = 0°, one obtains

Oy = %[3(Q11 +020)+2012) &+ % Q11+ 022) +6Q12] & + %f(fx— &) . (EA4)

Note that under uniaxial tension g =0 for both ¢=0° and ¢=22.5°.
The essential theme of the above expressions is that they clearly demonstrate that Eqs. (E.3)
and (E.4) predict different results. The difference is entirely due to the fact that, in view of the

nonlinear character of /{x), lf(ax):at f(x). 1t also follows that in the linear range, that is, as
a

Sx) = Qeex. the aforementioned inequality becomes an equality and quasi-isotropy prevails.
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Nevertheless. it is worth noting that. while demonstrating the departure from quasi-isotropy
due to nonlinearity. 1t can be shown that the current formulation predicts that the response at
22.5" is stiffer than that at @ = 0°. Such a prediction is. of course. contradicted by data.
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