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1. INTRODUCTION

1.1 Manufacturing Issues and Ply Waviness. The quality and in-service performance of composite
structures is strongly influenced by the manufacturing process. From autoclave curing of flat panel
laminates to injection molding, the manufacturing process will inevitably influence the performance of the
finished component. Quite often, "manufacturing defects” cannot be entirely eliminated and, therefore,
must be tolerated. When designing composite structures, it is important to have a thorough understanding
of the influence typical manufacturing defects can have on performance.

A frequently encountered manufacturing defect found in thick-section composite structures is ply
waviness. Ply waviness is shown schematically in Figure 1 and represents a perturbation in ply orientation
from the ideal case. The manufacture of composite cylinders, for example, is generally performed with
the filament winding process where impregnated fiber bundles or tows are wound onto a mandrel of the
desired shape. Ideally, fiber placement of the tows is such that they conform to the mandrel surface in
the circumferential, axial, or some desired off-axis orientation. Undulation of the individual plies or tows
may result from the manufacturing process. Ply waviness can significantly influence the performance of
the cylinder by reducing its stiffness and strength.

Figure 1. Ply Waviness in a Filament Wound Composite.




Currently, the manufacture of thermosetting composite cylinders is accomplished by first winding the
entire cylinder followed by a posct-curing and consolidation process. This process results it ply waviness
through the thickness of the cylinder in both axially and circumferentially oriented plies. In contrast,
filament-wound, thermoplastic, thick-walled cylinders can be manufactured with an "on-line” consolidation

process, reducing ply waviness in the circumferential direction.

The effects of ply waviness in composite cylinders (or composite structures in general) can be studied
by considering the effects of ply waviness in typical sublaminate (i.c., flat) configurations. Such an
approach has been adopted in this work where a generic [90/0/90] sublaminate construction with a wavy
[0] ply is investigated. In this report, an analytic model is developed to investigate the influence of ply
waviness on the stiffness and strength of composite laminates. The model predicts:

» elastic properties and thermal expansion coefficients as a function of the constituent material
properties and degree of undulation (ply waviness)

» individual ply stresses for prescribed mechanical and thermal load cases

» the strength reduction associated with ply waviness.

Parametric studies are presented which quantify the synergistic effects of ply waviness on stiffness and
strength.

The theory developed in this work represents a useful design tool from which important manufacturing
and design trade-offs can be made. The results presented indicate that the degree of waviness can
significantly reduce the stiffness and strength of the structure.

The capabilities developed in this work for predicting the reduction in stiffness and strength due to
ply waviness also represent a valuable tool for optimum structural design. For example, the reduced
stiffness properties predicted can be employed as input into a suitable global stress analysis, resulting in
a more realistic effective response prediction of the structural response as compared to a "defect free"
analysis. The resulting stress fields predicted in the structure could then be used in conjunction with the
failure analysis developed in this werk to predict the reduction in strength associated with ply waviness.

This design methodology ultimately results in a more realistic prediction of strength reduction due to ply




waviness, and provides valuable insight, in a consistent manner, into the dominant failure mechanisms
characteristic of thick-section composite structures. The analytic model also provides a means of

quantifying the economic trade-offs that exist between process refinement and material performance.

1.2 Literature Survey. The effects of the waviness of the ply layers on the mechanical performance
of composite structures has received a considerable amount of attention in the published literamure. The
focus of relevant research has been on compression, since compression performance is known to be most
influenced by waviness. In general, waviness in composites has been studied on two different levels:
fiber waviness on the fiber/matrix level with individual fibers embedded in a surrounding matrix (i.e., in
a single ply or lamina), and layer waviness of a complete ply or plies within a multidirectional laminate.
An extensive literature review on waviness in composites is presented by Adams and Hyer (1992). A
brief summary of the related research, however, is provided below for completeness.

The following literature is related to fiber waviness on the fiber/matrix level. Davis (1975) modeled
fiber waviness in boron/aluminum composites using the classic microbuckling model (of straight fibers
embedded in an elastic matrix) developed by Rosen (1965). Davis modeled the fibers as sinusoidal in
shape and found shear bucking failure to be responsible for significant reductions in compression strength.
A similar model was developed by Hyer (1986) who found that compression strength of wavy fibers
decreased significantly with decreasing matrix shear modulus. In addition, he found the nonlinearity of
the matrix material causes a further reduction in compression strength. Fiber kinking failure is closely
related to fiber waviness. Consequently, numerous investigations have been conducted on the kinking
failure of initially misaligned fibers (Argon 1972; Budiansky 1983; Steif 1990a, 1990b; Martinez et al.
1981).

The influence of fiber waviness on the effective elastic mechanical properties of composite lamina was
investigated by Jortner (1984). The paper also provides a thorough review of the literature in this
area. Jortner discusses the typical bounding techniques often employed in predicting the influence of fiber
waviness on the effective elastic properties of composites. He presents an exact solution for predicting
the elastic and thermal constants of wrinkled regions in composites; however, the model is limited to
waviness that exhibits undulation which is completely in phase with the surrounding material.




More recently, investigators have began studying the effects of ply waviness in multidirectional
laminates. These studies have focused on the interactions within and between adjacent plies within a
laminate as opposed to interactions between individual fibers and the matrix material. Shuart (1985)
studied the behavior of multidirectional laminates in uniaxial compression employing a microbuckling
model. His models included a linear buckling analysis for short wavelength bucking and a geometrically
nonlinear analysis for wavy layers. He observed that interlaminar shear stresses were 2 maximum at a
point in the wavy ply where the out-of-plane undulation is greatest (i.c., the point of inflection). In
addition, he concluded that laminate failure was caused by either short-wavelength bucking, interiaminar
shear, or in-plane shear failures, depending on ply orientations and the degree of waviness. Total laminate
compression strength reductions of up to 36% were reported. Shuart (1989) subsequently included a
matrix compression failure mode and in-plane ply waviness in his analysis. His work was further
extended by Peel (1990) who considered additional failure modes as well as a variety of wavy ply
geometries and configurations.

Hyer, Maas, and Fuchs (1988) and Telegadas and Hyer (1990) have studied the effects of ply waviness
on the stress states in hydrostatically loaded cylinders. They employed finite element analyses to study
the influence the geometry of the waviness and material properties on the stress states that develop. They
observed significant interlaminar stress levels in wavy plies and found material property variations to be
important factors in the magnitude of stresses produced.

The influence of ply waviness on the performance of cylinders has also been investigated
experimentally by Garala (1989). In this study, numerous 8-in monocoque graphite/epoxy cylinders were
hydrostatically loaded to failure. Cylinder failures might have been initiated by interlaminar shear failure
due to ply waviness in the hoop and axial directions.

The approach taken in this work follows closely that of Ishikawa and Chou (1982, 1983a, 1983b,
1983c) in their studies of the thermomechanical behavior of two-dimensional woven fabric composites.
As with the models they developed, the theoretical basis for the model developed here is laminated plate
theory. The success of their models for predicting the effective thermomechanical properties of woven
fabric composites provides initial confidence in and a point of departure for the results generated in this
work.




1.3 Problem Statement. The objective of this work is to quantify the influence of manufacturing

induced ply waviness on the stiffness and strength in a2 composite and to assess the affect on structural
performance. Ply waviness is assumed to exist in one direction only. A schematic illustrating ply
waviness is shown in Figure 1, where the wavy ply is undulating in the x-direction. This layer is defined
as a [0] ply which is embedded in [90] plies or lamina having straight fibers aligned in the y-direction.

The models developed in this work predict the in-plane (x-y plane) longitudinal modulus, E,;
transverse modulus, £,; in-plane Poisson ratio and shear modulus, v, and G, respectively, as a function
of the undulation geometry and material properties of the composite lamina. The in-plane thermal
expansion coefficients, o, and o, are also predicted.

In addition to the elastic properties, the model developed calculates the stresses in whe [0] and {90]
plies as a function of geometric location and effective in-plane plate loadings. The stresses in the (90]
ply will be in-plane only, while out-of-plane stresses in the [0] ply will develop due to the inclination of
the ply out of the x-y plane. The magnitude of the stress components in each ply will vary along the
length of the undulation due to a constant in-plane stress resuitant assumption. Once the stresses in the
individual plies are calculated, the maximum stress failure criterion is applied to predict ultimate failure
of the wavy ply configuration. The maximum stress failure criterion is chosen because it identifies the
failure mode and provides the greatest physical insight into the mechanisms of strength reduction. With
the failure analysis capability, the influence of waviness on strength reduction is quantified. Thermal,

uniaxial, and biaxial loadings are also investigated.
2. ANALYSIS

2.1 Background: Laminated Plate Theory. The theoretical development of the analysis is presented
in this section. The basis for the analytic model developed is laminated plate theory (Whitney, Daniel,
and Pipes 1982, Whitney 1987). Laminated plate theory is well developed and. consequently, only
equations pertinent to the analysis developed here are presented.

Laminate response is generally described through a relationship between effective plate loadings and
plate deformation. Typically, the relationship between in-plane stress and moment resultants, N; and

M;, and in-plane strains and curvatures, €; and x;, is given by
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where the A,,. B,,. and D stiffness matrices are defined in the usual manner as
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The lamina stiffness matrix for the &' ply is (Q,-j)", n is the total number of plies in the laminate, and A,
is the distance from the laminate midplane to the Kk ply surface. An altemative form of Equation 1 is

obtained through its inversion and is given as

& | [a;b.] N
_ [ , u} @

%

and d;; are the compliance matrices that describe the effective plate-like behavior of the

where aijs bu'

laminate. These compliance components are the terms ultimately used to compute the effective in-plane

thermomechanical properties of the laminate.




2.2 Description of the Geometry. In order to quantify the influence of ply waviness on stiffness and
strength reduction, a mathematical description of the geometry is required. From the wavy ply
configuration depicted in Figure 1, a unit cell is idealized and is shown in Figure 2. A half-sine wave
segment of the undulation is selected as a representative element for the wavy ply configuration. The unit
cell, having a total thickness A,, consists of an unduling [0] ply with thickness h, lying between two (90]
regions. The amplitude of the undulation is A. The half-wavelength of the undulation is L. The (90}
plies are aligned in the y-direction and are assumed to have no undulation.

Detailed mathematical descriptions of the individual plies within the unit cell expressed as a function
of x are required. Referring to Figure 2, the following distances along the half-sine wave shaped
undulation are defined by

hl(X) "h‘/z
. K L
hy(x) = -A/2-he/2 + [1 + szn(_E(x-.z_))] Al2

, K L
hy(x) = -A/2 +hf/2 +[1 + stn(.L.(x—.z..))] Al2

h4 (X) = h,/2 . (5)

A local out-of-plane undulation angle, 8, is also needed. Referring 1o Figure 3, 0 can be defined as a
function of x as

dx dx

2.3 Effective Elastic Properties. The in-plane thermomechanical properties of the unit cell are
representative of the response to be expected of the entire wavy ply. The approach taken here is to divide
the unit cell into discrete segments of width dx in the direction of undulation (see Figure 3). The unit cell
is defined by the thickness of the smallest repeating sublaminate employed during fabrication, &,, as well
as h/. A, and L defined previously. A systematic, laminated plate theory analogy is applied to each
segment. The effective response of the unit cell is obtained through an averaging approach where an
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Figure 2. [90, Ply Waviness: Unit Cell.
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Figure 3. Laminate Analogy for [90/0/90] Ply Waviness.
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in-plane stress resultant is assumed constant within each discrete segment. In this approach, average
compliances are obtained through an integration procedure and subsequent calculations are made to
evaluate the effective thermomechanical properties of the unit cell as a function of ply waviness.

The Ay, B;;, and D;; stiffness matrices for each discrete segment of width dx within the unit cell are
first computed through Equation 3 using the A{x) values defined in Equation S. The unit cell is essentially
a three-ply laminate with x-dependent Ajj» B, and Dy; stiffness matrices. The thickness of individual piles
are defined by the [90/0/90] laminate stacking sequence to be investigated. The Q;;'s for the [90] plies
are constant along the x-direction and are computed from the typical engineering constants of the straight
lamina (i.e, E,, E,, v{,, and G,,) in the usual fashion (Whitney, Daniel, and Pipes 1982; Whitney 1987).
The Q;/s for the (0] ply, however, must take into account the out-of-plane (z-direction) orientation. The
effective engineering properties used to compute the Q;;'s in each dx segment along the x-direction are
a function of the inclination angle, @, and are given by

E, (8) = [lg /£y + (1/Gy3 - 2vi3/Ey)lgmg + mg 1 B3]
E,(8) =E,

2 2
lg V12 , V32

v,y (8) = E,(8) —

"
Gor () = [T
lg = cosO
mg = sin® )

where E,, E;, G5, Vy3, and G, are the typical principal system engineering constants of the straight
lamina. The effective a;, b,-j. and d;; compliance matrices for each dx segment within the unit cell are

computed through inversion of the A By, and D; stiffness matrices according to Equation 4.

l’jo

The local warping constraint is imposed on each dx segment in the unit cell. This assumption leads
to a more realistic estimate of the effective response of the wavy ply configuration since no global
out-of-plane warping is expected in an axisymmetric geometry or in a laminate of appreciable thickness.




Under the local warping constraint, a zero curvature and non-zero moment condition are imposed. The
bending free or local warping constraint behavior of each dx segment can be expressed as a function of
the full a;, b‘-j, and dij compliance matrices defined in Equation 4 (Ishikawa and Chou 1983a),

. -1
a‘-j = [a‘-j - b‘] du b‘/] ' (8)

where a,-j"' is now the in-plane compliance matrix with local warping constrained.

In order to calculate the average or effective response of the wavy ply, an average in-plane compliance
matrix is defined. Assuming a uniform in-plane stress resultant exists in each dx segment, the average
in-plane compliance matrix is obtained through the following integration over the entire unit cell length:

. 1 L =
a;; -Ij; a;(x)dx . 9

Here a,-j** is the effective in-plane compliance matrix for the wavy ply with the local warping condition
imposed. Similarly, the compliance matrices b; and d;; could be defined, however, these matrices are not
employed in determining the effective in-plane mechanical properties of the wavy ply construction (see

Equation 8).

The effective in-plane mechanical properties of the wavy ply are computed from the following a,-j**

compliance coefficients according to

.

hl ay

h‘ az‘zt

Xy 'Y

Gy = . (10)

xy L 1]
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It is noted that the effective in-plane mechanical properties with local warping allowed could have
been computed in a more straightforward fashion than those computed with the local warping constrained
condition applied. The procedure is essentially identical to that outlined above with the step taken in
Equation 8 omitted. This procedure would predict stiffnesses significantly more compliant due to
unconstrained warping of the unit cell.

2.4 Effective Thermal Expansion Coefficients. A similar approach for the prediction of the effective
mechanical properties of the wavy ply construction is taken in calculating the effective thermal expansion
coefficients. In-plane thermal load resultants, N/, in each dx segment of the unit cell are required and
are computed through the following equation:

n
lh. hy Ry _ k
N; kgl J;'k-l(Q"’) (he-h_y)ojATdz 11

where AT is the uniform themnal load, and the o;’'s are the in-plane thermal expansion coefficients of the
[0] and [90] plies. Here again both Q;; and «; in the [90] ply are constant along the x-direction within
the unit cell. The [0] ply properties are functions of 6(x) (Equation 6) and are transformed into the
x-y coordinate system from the principal coordinate system defined by the local fiber orientation shown
in Figure 3. Thermal expansion coefficients for each segment are defined by

(o} = [ag | ) (12)

where afj is that computed in Equation 8. The effective in-plane thermal expansion coefficients for the

wavy ply configuration, a',-.' are then calculated by the same averaging approach described above through

T

L
o =Tﬁ) o (x)dx . (13)

This completes the theoretical development of the analytic model for predicting the effective
thermomechanical properties of the wavy ply configuration. In the following section, the determination
of the individual (0] and [90] ply stresses and strength analysis are discussed.

2.5 Ply Stresses. In order to gain a fundamental understanding of the failure mechanisms associated
with wavy plies and to quantify the influence of the degree of undulation on strength reduction, individual
ply stresses in the wavy ply configuration must be computed. Individual ply stresses in both the [0] and

11




[90] plies are computed from given or defined in-plane stress resultants in the x- and y-directions
(Figure 1). Recalliiig that a constant in-planc stress resultant within the unit cell was assumed, the
individual ply stresses are expected to vary along the x-direction within the unit cell due to the undulating
[O] ply. The procedure for computing these stresses is outlined below.

For a given set of in-plane stress resultants due to thermal or mechanical loading, NJ the in-plane
strains within each dx segment within the cell are computed by

it = Lo

where a;; is the compliance matrix computed in Equation 8. It should be understood that the in-plane
strains (defined in the x- and y-directions) of each ply within a single dx segment are identical through
the thickness (z-direction) but vary along the length (x-direction). Since local warping is constrained, the
in-plane strains represent the total ply strains and the typical strain displacement relation is not required.

(v) w

The individual ply stresses (in the x- and y-directions) within each dx segment are evaluated through

Hooke’s law relation given by
(a1 = [c* [{cerr-cappar) 3
where the Q,-j’s are the same as those used in the effective mechanical property calculations.

While Equation 15 provides the ply stresses in each dx segment defined in the global x- and
y-directions, these stresses must be transformed into the principal system of the [0] and [90] plies. The
principal material coordinate system for a unidirectional lamina is shown in Figure 4. Referring to
Figures 1 and 4, the longitudinal or 1-direction stresses in the [90] plies will correspond to y-direction
stresses calculated in Equation 15. Transverse or 2-direction stresses in the [90} plies will correspond to
the calculated x-direction stresses.

Referring to Figures 1 and 4, the 2-direction stresses in each dx segment of the [0] ply correspond to
the calculated y-direction stresses. The situation is slightly more complicated, however, for computing
the other principal stress components in the [0] ply. Since the [0] ply is undulating out of the x-y plane,

transverse normal (3-direction) and interlaminar shear stress (1-3) components will develop within the unit
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3- Normal

1- Longitudinal 2- Transverse

Figure 4. Lamina Coordinate System.

cell. These stress components result solely from the x-direction stresses and are computed through
tensoral transformation of the x-direction stress components.

In summary, the [90] plies will contain 1- and 2-direction stress components only. The [0] ply will
contain 1, 2, 3 and 1-3 stress components due to the out-of-plane undulation within the unit .ell.
Furthermore, these stress components will vary along the x-direction within the unit cell. Understanding
these stress variations will provide fundamental irsight into the dominant failure mechanisms characteristic
of wavy plies. In the next section, the failure criterion applied to the wavy ply configuration is presented.

Failure Criterion; Maximym . The failure analysis developed in this investigation
is based on the maximum stress failure criterion. Failure of the wavy ply configuration is defined when
a principal stress component in cither the [0] or [90] plies of any dx segment along the unit cell reaches
its comresponding strength allowable. To provide results that are useful in making design decisions based
on the failure analysis, a scaling approach which determines the effective in-plane load resultants at failure
was adopted. For a given wavy ply geometry configuration, the in-plane load resultants for each dx
clement along the unit cell which would initiate failure are computed. The lowest load resultant for any

13




segment over the entire length of the unit cell defines the loads at failure for the entire wavy ply
configuration. Strength reduction associated with ply waviness is baszd on comparisons between failure
loads of the wavy ply configuration to those of a similar straight laminate configuration having zero
amplitude of undulation.

Both in-plane mechanical loading and thermal loading have been incorporated into the analysis.
Thermal loading is applied in the form of a uniform temperature differential. Thermal loads at failure are
scaled in the same manner described above. In addition, a combination of thermal and mechanical loading
as well as biaxial loading are permitted.

3. RESULTS

Parametric studies illustrating the results from the analytical models developed above for predicting
the thermomechanical properties, ply stresses, and strength reduction in wavy plies are presented in this
section. Significant findings are reported in the body of this report while less interesting results generated
have been documented in the Appendix. Before the results are presented, a constraint on the geometric
parameters describing the wavy ply configuration is discussed. Results are generated for both
AS4-Carbon/PEKK and S2-Glass/PEKK composite material systems. A summary of the gecmetric
parameters, material properties, and strength allowable used in the parametric studies is presented.

3.1 Geometric Constraint on Ply Waviness. To describe the physical geometry of the wavy ply
configuration, a parameter that identifies the ratio of the total [90] ply thickness (zgg) to [0] ply thickness
(t)» TR (thickness ratio), is required

TR = 2"90 - 2"90

(16)

The definition of this ratio is illustrated in Figure 5. Once a TR ratio is defined, the total thickness
of the unit cell becomes

h = he(1+TR) an

A geometric constraint imposed on the amplitude of the [0] ply undulation wavy ply configuration for a
given h, and kg is identified in Figure 6 to be
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Figure 5. Definition of Thickness Ratio: TR.

Figure 6. Geometric Constraint on Amplitude.
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A<h -h . (18)

In the remainder of this section, parametric studies are presented to illustrate the significant findings
of this work. Presentation of the results is facilitated with the comprehensive illustration indicating all
details of the wavy ply configuration including the global and ply coordinate systems used in the analysis
{see Figure 7).

3.2 Parametric Studies. Parametric studies were conducted between zero amplitude and the value
defined in Equation 18 to bound the potential process-induced reduction in stiffness and strength.
Photomicrographs of actual filament wound composite cylinders, however, revealed that the nominal
amplitudes were much less than this upper bound. Photomicrographs were uszful in defining a range of
half-wavelengths to be investigated in this study. The most common wavelength observed was
approximately 20 ply thicknesses, hf which correlated well with the nominal width of the tow employed
during filament winding. The geometric parameters studied are listed in Table 1. A constant {0} ply
thickness of 0.005 inches was used as the baseline. Tables 2 and 3 summarize the experimentally
determined mechanical properties and strength allowables of the AS4 CarbornyPEKK and S2 Glass/PEKK
composite systems used in the study.

3.2.1 Effective Elastic Properties. The influence of various geometric parameters on the effective
elastic properties of the wavy ply configuration were investigated first The influence of undulation
amgpilitude, A, on the reduction of x-direction modulus, £, for the AS4 Graphite/PEKK composite is shown
in Figure 8 for various 7R ratios and a unit cell length of L = 5¢h. Stiffness reduction is defined as the
ratio of wavy ply stiffniess to the stiffness of an equivalent laminate construction with a zero undulation
amplitude. The results indicate significant stiffness reduction of up to 60% for A/Ryvalues below 5 in this
extreme case. The influence of increasing the unit cell length to L = 20k, is shown in Figure 9. Stiffness
reduction was not as severe (<30%) for A/hf values below 5. The same study for a unit cell length of
L = Sehg for the S2 Glass/PEKK composite is shown in Figure 10. This study indicates that stiffness
reductions in the glass system are not as sensitive to undulation amplitude as in the carbon system. This
is true because the graphite system exhibits substantially more anisotrophy in the fiber direction than the

glass composite. Other in-plane mechanical properties such as transverse stiffness, E,, poisson ratio, v,
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Figure 8. Influence of Undulation Amplitude on E, in AS4 Graphite/PEKK (L'he = 5).
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Figure 9. Influence of Undulation Amplitude on E, in AS4 Graphite/PEKK (L/he = 20).
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Table 1. Parameter Study: Geometry
? m]
TR h, A
(in) (in)
. R R
1.0 0.010 0.005
2.0 0.015 0.010
2.7 0.0185 0.0135 “
6.0 0.035 0.03
10.0 0.055 0.05
L 252,50
hy
o o —

E, (Msi)
E, (Msi)
Gz (Msi)
Gy (Msi)

Va3
o, (pe/°F)
o, (pel°F)
o, (uel°F)

Table 2. Material Properties

S2 Glass/PEKK

21

AS4 Graphite/PEKK

17.0 8.0

1.40 2.75
0.98 1.01
098 0.59
0.36 0.27
0.36 0.31
-0.5 23

15.5 18.5
15.5 185




Table 3. Strength Allowables

ﬂ Allowable | AS4 Graphite/PEKK | S2 Glass/PEKK ;
. XI1T (ksi) 285

X2T (ksi) 5.2

X3T (ksi) 52

X1C (ksi) 155

X2C (ksi) 26.5

X3C (ksi) 26.5

S13 (ksi) 15.2

in-plane shear modulus, G,,, were found to be relatively insensitive to undulation amplitude in the x-
direction for both material systems studied (see Appendix A).

In general, stiffness reduction is most severe in the carbon system, increasing with increasing
undulation amplitude and decreasing unit cell length.

3.2.2 Effective Thermal Expansion Coefficients. Increasing undulation amplitude was found to
increase the x-direction thermal expansion coefficient up to 70% in the carbon system with L = 20-h,
(Figure 11). A 30% increase in the glass system is predicted for L = Sohf (Figure 12). The increase is
associated with the out-of-plane rotation of the axial plies which decreases axial stiffness and provides less
constraint on thermal deformation of the [90] plies. Changes in transverse thermal expansion were found
to be insignificant in all cases investigated (see Appendix A).

3.3 Ply Stresses. Ply stresses along the unit cell length predicted from the analysis are presented to
provide insight into the dominant failure mechanisms characteristic of the wavy ply configuration. Ply
stresses are nondimensionalized by the corresponding strength allowables presented for the AS4
Graphite/PEKK composite system in Table 3. The magnitude of the ply stresses are calculated from a
uniaxial x-direction load resultant that would cause failure of an identical laminate, except with a zero
amplitude wavy ply configuration (N, = 901 Ib/in). Ply stresses in the {0) layer in the principal 1-direction
are presented in Figure 13 for undulation amplitudes A £ 0.01 in. Stress components are shown 10 be a
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Figure 13. Longitudinal Stress Within a Wayv Ply in AS4 Graphite/PEKK: Uniaxial Loadin
(TR =2, LIk =5, N, (A = 0) = =901 Ib/in at Failure).
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minimum in regions within the unit cell where out-of-plane orientations are maximum. In this situation,
the load is transferred to the 2-direction of the [90] plies to satisfy force equilibrium.

Interlaminar normal (3-direction) and shear stress components (1-3) in the [0} ply are shown in
Figures 14 and 15 for the same load situation. Normal stress components are significant in the region of
maximum undulation, reaching just beyond the strength allowable in this example. The interlaminar shear
stress components, however, are far more significant reaching nearly three times the strength allowable
for this extreme case. Other less significant results, including [90] ply stress plots and Ioad cases in the
y-direction, are documented in Appendix B.

The most significant finding of the parametric study is the high interlaminar shear stress components
that develop in the [0] plies due to the out-of-plane orientation. The stress levels observed indicate that
this is a dominant failure mode when the wavy ply configuration is loaded in the direction ¢f undulation.
It also quantifies the influence of undulation amplitude on the ply stress levels that develop and
demonstrates the importance of controlling ply waviness in the load direction during manufacture. These
observations are also consistent with those made by Hyer, Maas, and Fuchs (1988) and Telegadas and
Hyer (1990).

3.4 Strength Reduction Due to Ply Waviness.

3.4.1 Uniaxial Loading. Clearer insight into the influence of ply waviness on strength reduction is
achieved by examining the reduction in the ultimate applied load resultant that the wavy ply configuration
can withstand before the stress component in any ply reaches its corresponding strength allowable. In
Figures 16 and 17, strength reduction in AS4 Graphite/PEKK wavy ply configurations of (A 0.01 in)
length L = 5+h; and 20+h are presented for a uniaxial loading in the x-direction. These results indicate
that significant strength reduction (65% for L = 5+h¢and 35% for L = ZOohj) along the unit cell length is
possible. It is pointed out that the dominant failure mode transitions from a longitudinal compressive
failure (X1C) in the [0] ply to interlaminar shear failure (S13) in the [0] ply in regions where the out-of-
plane orientation increases. Other results show that ply waviness in the x-direction does not significantly
affect the y-direction strength allowable.
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Figure 14. Interlaminar Nomnal Stress Within a Wavy [0] Ply in AS4 Graphite/PEKK: Uniaxial
Loading (TR = 2, L/k,= 5, N, (A = 0) = -901 Ib/in at Failure).
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Figure 17. Strength Reduction in AS4 Graphite/PEKK: Uniaxial Loading (TR = 2, L/h, = 20,
N, (A = 0) = =901 lb/in at Failure).
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3.4.2 Biaxial Loading. Nondimensional failure envelopes for biaxial load conditions with and without
thermal loading were generated to quantify the influence of ply waviness on strength reduction. The
uniaxial stress resultants used to nondimensionalize the biaxial failure envelopes presented here are N,
(A = 0) = -901 Ib/in at failure and Ny (A = 0) = -1,612 Ib/in. The influence of ply undulation on strength
reduction without thermal loading is illustrated in Figure 18. The plot indicates the y-direction strength
is insensitive to ply waviness while x-direction strength can be substantially reduced (up to 35% for the
particular ply configuration investigated). The same failure envelope, except with a thermal load of
AT = -150° F, is presented in Figure 19. Since the thermal loading primarily influences the transverse
stresses in the [90] plies, the addition of the thermal load has little affect on the ultimate strength of the
applied loads.

The ultimate y-direction loading is defined almost exclusively by the longitudinal compressive strength
allowable (X1C) of the {90] plies. In contrast, and consistent with the ply stress results presented earlier,
the x-direction loading results in interlaminar shear failure (§13) in the {0] ply. This failure mechanism
defines the right-hand side of the failure envelopes and is highly sensitive to the waviness of the {0] ply.

A major conclusion drawn from these results is that strength reduction in the direction of ply waviness
is significant, highly sensitive to the degree of waviness, and is dominated by interlaminar shear failure

in the wavy ply. Strength reduction in the non-wavy direction is relatively insignificant.
4. CONCLUSIONS

An analytical model was developed to quantify the influence of ply waviness on stiffness and strength
reduction. The model provides an efficient design tool for accessing the synergistic effects of ply
waviness on laminate stiffness and strength which can be directly related to structural performance.
Parametric studies were conducted to identify the criticality of ply waviness on the stiffness and strength
reduction of realistic composite structures.

Several significant findings were made. Stiffness reduction due to ply waviness is most significant
in the direction of ply undulation. Other in-plane mechanical properties are relatively insensitive to ply
waviness. The magnitude of stiffness reduction is extremely sensitive to the degree of ply waviness.
Increasing undulation amplitude and decreasing unit cell length boih increase observed stiffness reduction.

Greater stiffness reduction can be expected in systems with higher material anisotropy (i.e., E5/E; << 1).
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Figure 18. Nondimensional Biaxial Compression Failure Envelopes in AS4 Graphite/PEKK
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Dominant failure mechanisms goveming ultimate failure in wavy plies and the influence of ply
wayviness on strength reduction were also quantified. The most significant strength reduction results from
interlaminar shear failure of the wavy ply when loaded in the direction of undulation. Strength reduction
is extremely sensitive to the degree of ply waviness. Failures associated with loading transverse 1o the
direction of undulation were unaffected by the degree of ply waviness. Failures associated with loading
transverse to the direction of undulation were unaffected by the degree of ply waviness and were
essentially the same as straight laminate failure loads.

The analysis developed in this work plays an important role in the design of composite structures
where ply waviness cannot be ignored. The design procedure should employ the predicted reduced
stiffness properties associated with the manufactured ply waviness into a suitable global stress analysis.
The resulting global stress predictions should then be incorporated back into the failure analysis developed
in this work to provide realistic estimates of the strength reduction to be expected. Predicted stiffness and
strength reduction due to ply waviness represents one mechanism that may explain why design and failure
analysis of thick-sectioned composite structures based on flat, autoclave-cured coupon property data do
not correlate well with test results.
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