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Chapter ]
INTRODUCTION

The need for high specific modulus and high specific strength
materials has led to the development of fiber reinforced composite
materials. Initially, glass fibers in a resin matrix were introduced,
and they continue to be used in many applications. However, a more
recent class of composites called "advanced composites" utilizes much
higher modulus fibers (e.g. graphite fibers are four to nine times
stiffer than glass fibers). These advanced composites have been suc-
cessfully used in a variety of aerospace applications as replacements
for stiffness critical components.

As with any material, the efficient use of composites depends on a
sound understanding of the material behavior. This understanding is of
particular importance to the designer whose success depends on reliable
input data. Fundamental tests for material property characterization
need to be performed to obtain these data. However, investigators often
disagree on the most accurate test methods for obtaining desian data.
Compression testing is one area of material characterization for which
many methods and specimen geometries have been proposed. Minimal
documentation of the limitations of current compressive test methods
has appeared in the literature. Hence, considerable testing and analy-
sis must be accomplished before any test method can be universally
accepted as the most accurate.

This study considers the acceptability of the honeycomb sandwich

beam in four-point bending as a reliable compressive test method



for advanced composite materials. The evaluation of the test method
is based on two criteria: (1) the existence of a uniform compressive
stress state in the test section of the beam and (2) an assessment of
specimen geometry effects on that stress state.

To accomplish this evaluation, a literature review of compressive
test methods for composite materials was performed. A graphite/polyimide
sandwich beam was analyzed using a three-dimensional finite element
computer program to assess the behavior of the compressed test section.
Experimental data from the sandwich beam including data from the
constituents were also obtained. Data from the constituent tests were
used for input into the analysis. Honeycomb core compression specimens
were tested at room temperature, and graphite/polyimide tensile
specimens were tested at room temperature, -157°C (-250°F), and 316°C
(600°F). Sandwich beam compression specimens were tested at room
temperature. Based on the analytical and experimental results con-
clusions were drawn as to the acceptability of the sandwich beam

as a compressive test method.




Chapter 2
LITERATURE REVIEW

Many different test specimens have been used to obtain compressive
data for composite materials. Some of these specimens are quite similar
having only differences in overall dimensions. The following is a
review of the literature on compressive test specimens for composite

materials. For simplicity the specimens are grouped by geometry.

2.1 Coupon Specimens

Coupon specimens have been used because of their low cost and
simplicity in testing. The dogbone coupon [1-10] has been approved by the
ASTM [1] for use in the testing of rigid plastics (Figure 1). For
lack of any other standardized specimen, the dogbone coupon was initially
used for the testing of advanced composites. The reduced cross-sectional
area in the specimen's gage length promotes failure in a region removed
from grip influence. Compressive strength data for composites have been
specifically obtained using this specimen [2,4]. A major disadvantage
of the dogbone coupon has been the end-brooming that occurs during load
application. This brooming can initiate failure of the specimen. Also,
when reducing the cross-sectional area of the specimen, continuous
fibers are cut. The effect of cut fibers on specimen strength has
generally been ignored when reporting data.

The rectangular coupon [2,5,8,11-20] was introduced to avoid cutting
fibers in the specimen. Compressive modulus data have been primarily

obtained from this specimen [2]. At least a ten percent scatter has
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been observed in the compressive strength data obtained from the
rectangular coupon, but the degree of scatter was found to be a function
of the specimen gage length [13,14]. The Celanese coupon used by Hofer
et al [16] has become well known since being introduced in 1972. As
shown in Figure 2, the specimen has a very short gage length when com-
pared to the length of the tabbed region used for gripping. This coupon
was used to obtain strength and modulus data. The ASTM [17] adopted a
procedure that utilizes this specimen for the testing of oriented fiber
composites. Ryder and Black [20] used a large gage length coupon for
their study. Lateral and end supports were minimized during testing.
Based on the results of two laminate configurations, the authors con-
cluded that their procedure prevented end-brooming and buckling.

Strength and modulus data were also reported in this study.

2.2 Tube Specimens

Tube specimens [6,8,]5,21,22] have been used to obtain very ac-
ceptable compressive data. Typically, the ends of these specimens are
potted to prevent end-brooming. However, difficulty in fabrication of

the tubes has prevented wide-spread use of this specimen.

2.3 Cylindrical and Block Specimens

" Solid cylindrical and block specimens have been used for testing
unidirectional composites [6,8,13,14,18,23-25]. Other fiber orienta-
tions have not been tested with these specimens because of difficulties
in fabrication. These specimens are typically compressed without grips

or supports. The lack of restraint leads to some drawbacks. The
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unrestrained ends of the specimen have been observed to broom during the
test thereby initiating failure [23-25]. This failure mode can be
prevented by potting the ends in low modulus resin [13]. Weidner [24]
reduced the cross-sectional area in the specimen's gage length to
promote failure in this region. Although failures did occur in the gage

length, the effect of the cut fibers again was not investigated.

2.4 Sandwich Specimens

Two types of sandwich specimens have been used for compressive
testing. The edge-loaded compression specimen [9,16,26,27], as detailed
by the ASTM [26], is shown in Figure 3. Face sheets are bonded to a
honeycomb core which provides lateral stability to this specimen. The
second type of sandwich specimen is the honeycomb sandwich beam shown
in Figure 4 [8,11,13,16,27-29]. The specimen is loaded in four-point
bending producing a constant moment in the center of the beam. This
moment is statically equivalent to a couple which loads the composite
flange in compression. Since the thickness of the composite flange is
small compared to the height of the beam, it can be assumed that the
compressive stress is constant through the composite thickness.

Some disadvantages exist for the sandwich specimens with cost
being one of the most important. Compared to coupon specimens, large
quantities of composite are required for the sandwich specimens. An
observed'disadvantage for the edge-loaded specimen has been the face
wrinkling local instabilities [27] and end-brooming [16] which initiate

fajlure. Local instabilities have also been observed for the
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sandwich beam specimen [27]. Further, the beam is not easy to fabricate.
The sandwich beam consists of a composite flange, a metal flange, and
at most two types of honeycomb. The machining and bonding together of

these components is a detailed if not difficult process.

2.5 Summary

Seven different specimen geometries for characterizing compressive
behavior of advanced composites have been documented. Perhaps the most
common criteria for evaluating these specimens have been cost and
simplicity in testing. The coupon specimen is the first choice when
specimens are evaluated by these criteria. Tube, cylindrical and block,
and sandwich specimens are very costly when compared to coupons. How-
ever, an evaluation of all specimens based upon a detailed stress
analysis does not appear to have been made. The influence of lateral
restraints and specimen geometry have been neglected when analyzing
data. Such a detailed stress analysis is necessary in order to
properly evaluate generally the suitability of any particular geometry
as a compression specimen. This investigation analyzes the honeycémb
sandwich beam with particular attention to the influence of the honey-

comb core on compressive test data.




Chapter 3
ANALYSIS

3.1 Laminate Equations

Laminate theory has been developed to predict orthotropic elastic
material behavior. The fundamental element in the formulation is a
lamina or single ply of material. The constitutive equations are
developed for the orthotropic lamina and then extended to the laminate
by simply adding the contributions from each ply. The theory also em-
bodies the Kirchhoff plate assumptions which allow strains in any ply to
be represented as a function of strains at the midplane and plate
curvatures. A general formulation of the governing equations is out-
Tined below; more specific details can be obtained from the literature
[30-32].

Figure 5 shows lamina and laminate geometry with the two coordinate
systems used in laminate theory. The most fundamental system is the
natural (1,2) coordinate system shown in Figure 5a. This system is
aligned with the natural material directions of a lamina (parallel and
perpendicular to the fibers). However, the natural material directions
of a ply may not always correspond to the principal geometric direc-
tions of a laminate. Hence, the laminate (x,y) coordinate system is
introduced (Figure 5a). This system is convenient for laminate geometry
where plies of different orientations are combined (Figure 5b).

A single ply of composite material is assumed to be homogeneous,

orthotropic, and loaded in a state of plane stress. This leads to a

N
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stress-strajn relationship in the natural coordinate system of the form,

o 1 42 01 (=
o ¢ =1 %2 Q%2 0 ]3e (3.1)
2 0 0 Q) M2

where the reduced stiffness matrix, [Q], is calculated from elastic

engineering constants. An important relationship from Equ. (3.1) is,

——

1

(3.2)
2

This equation results from the symmetry of the material (reciprocal
relation) [32].

V12 _ V21
E

Also, Equ. (3.1) can be expressed in the laminate
coordinate system as,

o 4y QO Q67 (=«
o, 2= 1 Q2 Qo Qg4 (3.3)
Txy Ue s Qg6 Yxy

where the transformed stiffness matrix, [Q], is calculated from the

reduced stiffness matrix, and transformation matrices, [T]] and [T2]’
i.e.

(41 = (7,17 [QILT,] (3.4)

where [T]] and [Tz] are functions of the fiber angle 6.

A composite laminate behaves as the summation of its individual
laminae.

Hence, the laminate stress and moment stress resultants can
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be calculated for a thickness of 2H,

Nx H 9y
N_y = oy dz (a)
Ny -H o Y Txy
(3.5)
! Mx Oy
My oy zdz (b)
Mx‘y rxy

where {o} is the stress at some point in the laminate and z is the dis-
tance from the midplane to that point (Figure 5b). Since the state of
stress is assumed to be constant over each layer, Equ. (3.5) can be

rewritten for an n-ply laminate,

k
Ny 2 9%
n
N = I d
y L oy z (a)
Z .
ny k-1 Ty
(3.6)
k
MX Zk O'X
n |
M = : dz b
y k£1: J[ o z (b)
:
My SR E

where {c}k is the stress state in the kth ply. Applying the Kirchhoff

assumptions, the total strain in each ply can be written,
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X e®
X
€ -
¥ S (el
Y
Y
X o]
Y ny

(a)

(b)

{a)

(b)

(c)

(3.8)

(3.9)

(3.10)
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For the case of a symmetric Taminate with no applied moment the

governing equation can be expressed,

Ay M2 Mg
INF =1 Ay Ayp Ay | (€72 (3.11)
Me Ps  Pos

Further, the average stress over the cross-section of the laminate,

{g}, can be written,

——

{0} = oy (N} (3.12)

Average elastic properties of the laminate for this case can be cal-

culated from the basic definitions [33],

o N
Ey = Eé Vxy 'E¥'
X X
o €d
- 5 = X .
E, = % Sy T (3.13)
_ X
ny Y
Xy

Applying Equ's. (3.11), (3.12), and (3.13) the average elastic proper-

ties can be expressed,
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E:—L—— Vv =-a]2
X 2Ha]1 Xy an
y 2Ha22 yx a9

I

ny - 2Hag o

where for simplicity,
_ -1
{a} = [A]

(3.14)

- (3.15)

Using the average laminate properties, the axial midplane strain

of the laminate can be expressed,

1 - - -
o = e—— -
€3 . (crX vxycy)
X
or factoring,
o a

o X1 .5 X
Ch : (1 Vyy - )

X X

(3.16)

(3.17)

Hence, the effect of a biaxial stress-state on the axial midplane

strain is a function of the laminate Poisson's ratio and the ratio

of average axial and transverse stresses.

Linear thermoelastic behavior can be easily incorporated into

laminate theory. Assuming that the total strain in the laminate coor-

dinate system of a lamina consists of mechanical and thermal components,

the total strain can be written,

L {e}; + {e}t

(3.18)
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The mechanical strain is obtained by inverting Equ. (3.3), and the

thermal strain is calculated from,

€ k o] k

X X

e = {a AT (3.19)
Txy %xy

where {a}k are the lamina coefficients of thermal expansion in the
laminate coordinate system, and AT is the temperature change from the
stress-free temperature. Combining Equ's. (3.3), (3.7), (3.18), and

(3.19) the stress in the kth lamina can be written,
{o}k = [Q]k({e°}+Z{K}-{a}kAT) (3.20)

Further, by using Equ's. (3.5), (3.6), (3.9), and (3.10) the stress and

moment stress resultants can be expressed,

(N} = [AT{e°1+[B]{c}-(N"} (a)
(3.21)
M} = [B1{e®+[D{c}-M"} (b)
where the equivalent thermal force and equivalent thermal moment,
respectively, are defined,
1, sf k
N} = = [Q] (e} aTdz (a)
(3.22)
T o K
My = S [Q1{a} aTzdz (b)
-H

The coefficient of thermal expansion for the laminate, {a}, can be
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calculated by considering Equ. (3.21a) for the case of a symmetric

laminate with a thermal stress resultant only, i.e.
(N} = [Ae®) (3.23)

For a uniform temperature distribution the coefficient will be related

to the midplane strain,
{e®} = {a}aT (3.24)

which leads to the definition for temperature independent material

properties,

- Ho k. .k
{a} = [a] {{[0] {a}" dz (3.25)

3.2 Finite Element Model
The sandwich beam loaded in four-point bending produces a complex
stress state in the test section of the specimen. This complex state
of stress is a result of the variation of material properties within
the beam. To examine the stress state in the test section of the beam,
a three-dimensional finite element analysis was chosen. This approach
considers the structure to be composed of many small, discrete elements.
A portion of the beam's test section has been modeled using finite ele-
ments (Figure 6). This model leads to a better understanding of the
stress state throughout the beam and, in particular, the composite flange.
The finite element approach considers element nodal displacements

and element nodal forces. A variational principal, such as the mini-
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mization of potential energy, relates nodal forces {F}z’ to noda)
displacements, {U}z’ through a stiffness matrix, [sz’ and the rela-

tionship is written for the 2th element as,

{F}, = [K]i{U}z' (3.26)

Equation (3.26) is written for each element in the model, and these
equations are combined to obtain an expression relating the nodal forces
and displacements for the entire model. For a specified loading and set
of displacement boundary conditions the system of equations for the
entire model is solved for the unknown displacements. Element stresses
and strains can then be calculated from the nodal displacements, the
strain-displacement equations, and the material constitutive equation.

The finite element computer program used in this study assumes
linear, elastic material behavior. The assumption is also made that the
composite flange and honeycomb core are homogeneous, orthotropic
materials. The composite-honeycomb interface will be of particular
interest in this analysis. Any effects the honeycomb core may have on
composite behavior will be related to the stresses in this region.

The model for the finite element analysis of the sandwich beam
test section is shown in Figure 6. A total of 750 elements and 1248
nodes are used. This is a three-dimensional analysis with each node
having three translational degrees of freedom, u, v, and w. The model
approximates a 0.51 cm x 1.27 cm x 4.28 cm (0.20 in x 0.50 in x 1.69 in)
region of the beam test section as shown in the figure. The model is

symmetric about the x,z-plane. The bottom metal flange is represented
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as plate elements with isotropic material behavior. The top flange
and honeycomb core are modeled by brick elements with orthotropic
material behavior. The composite flange is assumed to have approxi-
mately the same elastic properties in tension and compression. The
same assumption is also made for the honeycomb core.

The loading and displacement boundary conditions for the finite
element model are shown in Figure 7. The moment acting in the beam test
section is represented by the indicated linear displacement, UO’ across
the y,z-plane. The boundary conditions shown in the figure insure the
required symmetry and eliminate rigid body motion. The y-displacement
boundary conditions on the GHIJ plane are zero reflecting the symmetry
of the model. The only z-displacement boundary conditions are zero and
along the neutral axis of the model. The location of the neutral axis

is calculated from elementary theory [33].
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Chapter 4
EXPERIMENTAL PROGRAM

The experimental program for this study was conducted in two
phases. In the first phase, the individual constituents of the sandwich
beam were tested to obtain data for analysis of the sandwich beam
structure. Specifically, the aluminum honeycomb core in the beam test
section was tested in compression at room temperature to obtain the
Young's modulus and Poisson's ratio values not available in the litera-
ture, and graphite/polyimide tensile coupons were tested at -157°C
(-250°F), room temperature, and 316°C (600°F) to obtain elastic material
properties of the composite. The room temperature tensile results are
used in the analysis of the sandwich beam test section since the com-
posite is assumed to have approximately equal elastic properties in
tension and compression. The second phase of the experimental program
consisted of a series of room temperature compressive tests on both
graphite/polymide laminates and 2024-T3 aluminum. The honeycomb sand-
wich beam specimen was used to obtain compressive ultimate stress,
ultimate strain, Young's modulus, and Poisson's ratio values. Four
different laminate orientations, [08], [908], [(:45)2]5, and [0/t45/90]s,
were tested during the course of the investigation. The specimens used
for the tensile tests were machined from the same graphite/polyimide
panels that supplied composite flanges for the sandwich beam specimens.
The fiber volume fractions of the graphite/ polyimide panels ranged from

fifty-three to fifty-five percent.

24
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4.1 Test Specimens

Test specimens of beam constituents are shown in Figure 8. The
honeycomb was 5052 aluminum, 0.318 cm (0.125 in) hexagonal cell size,
0.0038 cm (0.0015 in) wall thickness, 97.71 kg/m3 (6.1 1b/ft3) core
density. The honeycomb compression specimens measured approximately
10.16 cm x 10.16 cm x 3.81 cm (4.00 in x 4.00 in x 1.50 in). The
graphite/polyimide tensile specimens were fabricated from the HTS
graphite fiber and the PMR-15 polyimide resin. Teﬁsi]e specimens
measured nominally 25.40 cm x 2.54 cm x 0.15 cm (10.00 in x 1.00 in X
0.06 in). Two glass/epoxy end tabs measuring 6.35 cm x 2.54 cm x 0.25
cm (2.50 in x 1.00 in x 0.10 in) were bonded to each end of the room
temperature tensile specimens resulting in a 12.70 cm (5.00 in) test
section. The tensile specimens tested at -157°C and 316°C had two
glass/polyimide end tabs approximately 5.08 cm x 2.54 cm x 0.13 cm (2.00
in x 1.00 in x 0.05 in) bonded to each end of the specimens resulting in
a 15.24 cm (6.00 in) test section. This tab material was used to
minimize any thermal stresses that may be developed due to mismatch of
thermal expansion between the tab and the specimen.

Figure 9 shows a honeycomb sandwich beam and its constituents.
Nominal dimensions of beam specimens were 55.88 cm x 2.54 cm x 4.28 cm
(22.00 in x 1.00 in x 1.68 in). Composite flanges approximately 0.15 cm
(0.06 in) thick were fabricated from the HTS/PMR-15 graphite/polyimide
system. Two different types of aluminum honeycomb core were used in
the fabrication of some beams. The test section of the beam used the

previously mentioned aluminum honeycomb. The other type of honeycomb




26

suawtoads 3S9J 3IUSNITISUOD

suawroads

g 2anbtyg




S3usn3iTt3suo) pue uswrtoads weag Yotmpues g asanbrg

9I00

27




28

was 5052 aluminum, 0.318 cm (0.125 in) hexagonal cell size, 0.0152 cm
(0.006 in) wall thickness, 254.0 kg/m> (22.1 1b/ft3) core density.

The denser honeycomb provides support at the points of load application
and areas of transverse (through the beam thickness) shear load. A
lighter honeycomb supports the beam test section. This region has no
transverse shear load, and a lighter honeycomb‘is used to minimize any
restraint on the composite test section. Beams having [08], [(145)2]5,
and [0/i45/90]s composite flanges were fabricated using the two honey-
comb cores. Beams having [908] flanges were fabricated using only the
lighter honeycomb core since the failure load for these specimens was
lTower than the other laminate orientations. The bottom flange of the
beam specimen measured approximately 0.32 cm (0.12 in) in thickness and
was either 2024-T3 aluminum or Ti-6A1-4V titanium. The bottom metal
flange must be stronger than the top composite flange so that the top
flange fails in compression prior to tensile failure of the bottom
f]énge. Because the [08] laminates exhibit failure loads significantly
higher than the other laminates, a Ti-6A1-4V bottom flange was used

for these beams. A1l other bottom flanges were 2024-T3.

The honeycomb sandwich beam specimens for obtaining 2024-T3 alumi-
num data were quite similar to the other beam specimens. The 2024-T3
beams measured approximately 55.88 cm x 2.54 cm x 4.44 cm (22.00 in x
1.00 in x 1.75 in), length, width, and height, respectively. These
beams were fabricated using only the 97.71 kg/m3 (6.1 1b/ft3) aluminum
honeycomb. The top and bottom flanges were 0.318 cm (0.125 in) thick
2024-T3.
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4.2 Test Procedures

The 5052 aluminum honeycomb compressive specimens were tested in a
44,482 N (10,000 1bf) capacity Instron test machine. A constant strain
rate was applied throughout the specimen's linear elastic range. Tests
were terminated at the onset of material nonlinearity. Load and de-
flection data were obtained for determining Young's modulus and Poisson's
ratio values. Deflection data were measured using linear variable
differential transformers. The load and deflection data were plotted
during the test on an x-y recorder. A total of four tests were per-
formed.

The composite tensile specimens were tested in a 44,482 N (10,000
1bf) capacity Instron test machine, a 88,964 N (20,000 1bf) capacity
Instron test machine or a 106,757 N (24,000 1bf) capacity Baldwin test
machine. The capcity of the 44,482 N Instron machine was not sufficient
for testing the [08] specimens and, hence, the other machines were used
to test these specimens. The Baldwin machine was used to test the [08]
specimens at room temperature and 316°C; the 88,964 M Instron machine
was used to test the [08] specimens at -157°C. For all tests at -157°C
and 316°C each tensile specimen was enclosed in an insulated test
chamber. The entire chamber was cooled or heated at a rate of approxi-
mately 7°C/min until the test temperature was reached. The test tempera-
ture was held for at least fifteen minutes prior to each test to ensure
thermal equilibrium. Temperature was monitored before and during each
test by a thermocouple adjacent to the test specimen. A1l tensile

specimens were tested to failure. The Instron machines applied a
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constant strain rate to failure; the Baldwin machine applied a constant
load rate to failure. The strain rates were either 0.1 percent per
minute or 0.2 percent per minute depending on the laminate tested, and
the load rate was 13,345 N/min (3000 1bf/min). Load and strain data
were obtained for determining Young's modulus and Poisson's ratio
values. Strain data were measured using foil-type strain gages mounted
on both sides of the tensile specimens. The [08] and [908] specimens
had strain gages oriented at 0° and 90° with the load axis; the [(:45)2]s
and [0/145/90]S specimens had strain rosettes oriented at 0°, 45°, and
90° with the load axis.* All data were recorded using an automatic
multi-channel data acquisition system. Twenty-four tensile tests were
performed: two tests for each of the four laminate configurations at
-157°C, room temperature, and 316°C.

The composite sandwich beam compressive specimens were tested in a
533,787 N (120,000 1bf) capacity Baldwin test machine. Specimens were
tested to failure using a constant load rate which ranged from 444.8
N/min (100 1bf/min) to 533.79 N/min (1200 1bf/min) depending on the
laminate. A skematic diagram of a beam specimen loaded in four-point
bending is shown in Figure 10. The beam was simply supported on
rollers 48.26 cm (19.00 in) apart. A vertical load was applied to the
beam at two locations on the top composite flange. The locations were
10.16 cm (4.00 in) apart and symmetric about the beam's center. A

loaded beam specimen is shown in Figure 11. Stress concentrations at

*Strain rosettes for 316°C test laminates were aligned differently.
The rosettes were oriented at -45°, 0°, and +45° with the load axis.
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load points were reduced by applying the load over a 6.45 cm2 (1.00 inz)
area. Also, mylar load pads, 0.05 cm (0.02 in) thick, were used to
reduce stress concentrations. Strain data were measured using foil-type
strain gages mounted in the center of the composite flange. The [08]
and [908] beam specimens had strain gages oriented at 0° and 90° with

the load axis; the [(#45) ]s and [0/145/90]s beam specimens had strain

2
rosettes oriented at 0°, 45°, and 90° with the load axis. All data were
recorded using an automatic multi-channel data acquisition system.
Twelve beam compressive tests were performed: three tests for each of
the four laminate configurations.

The 2024-T3 sandwich beam compressive specimens were also tested in

the Baldwin test machine using a constant load rate to failure. Load

was applied to these specimens using the previously described four-point

bending technique. No mylar load pads were needed for these tests. The

toughness of the aluminum flange did not require extra consideration for
stress concentrations. Load and strain data were obtained for determin-
ing Young's modulus and Poisson's ratio values. Strain data were
measured using foil-type strain gages mounted in the center of the top
flange and oriented at 0° and 90° with the load axis. Three beam com-

pressive tests were performed.
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Chapter 5

EXPERIMENTAL RESULTS

The experimental part of this investigation consisted of forty-three
tests. Twenty-eight tests on beam constituent~spec1mens and fifteen
compressive tests on sandwich beam specimens were performed. Material
property data from all tests are presented in Tables 1 through 8. The
ultimate axial stress, 03’ and the ultimate axial strain, ez, are
defined as the maximum values attained during the test, and Young's
modulus, E, Poisson's ratio, v, and shear modulus, G, are calculated
-from the initial linear region of the stress-strain curves. The results -
from the experimental program include: (1) compressive elastic
properties for 5052 aluminum honeycomb, (2) tensile and compressive
data for HTS/PMR-15, and (3) compressive elastic properties for 2024-

T3 aluminum.
5.1 Beam Constituent Tests

5.1.1 5052 aluminum honeycomb compressive specimens

The 5052 aluminum honeycomb specimens were tested in compression
to determine elastic material properties. The coordinate system
used to describe honeycomb material is shown in Figure 12. The L
direction indicates the ribbon direction of the honeycomb. The W
direction is transverse to the ribbon direction, and the T direction is
through the thickness of the honeycomb. Data were obtained for those
properties not avaiTab]e in the literature, specifically Young's modu-

lus values, EL and Ew, and Poisson's ratio values, iy and WL The

34




W93SAS 93BUTIPIOO) qQUODADUOI  *ZT aaubt,g

q, T
i

35




36

data are presented in Table 1. Two tests each were performed for
determining EL’ Ve EW’ and iy

Upon examining the honeycomb data (Table 1) two observations can be
made: (1) the average Young's modulus for 5052 aluminum alloy is as
much as five orders of magnitude higher than the EL and Ew values, and
(2) the Vi and VUL values are at least twice as large as the Poisson's
ratio for 5052 aluminum alloy [34]. No further tests were conducted for
thesé properties since the scatter in each reported property is no more
than three percent.

A]so_shown in Table 1 is the ratio Vij/Ei for each test spe;imen.

If the honeycomb is orthotropic

V,
e (5.1)
L W

<

=

|

m

This is an assumption used in the computer analysis. A1l calculations
are within a nine percent scatter indicating acceptable correlation.

These experimental data verify this assumption.

5.1.2 Graphite/polyimide tensile specimens

Graphite/polyimide tensile data were obtained for room tempera-
ture, -157°C (-250°F), and 316°C (600°F) test environments. These data
are tabulated in Tables 2 through 5, respectively. Faijled tensile
sﬁécimens from room temperature, -157°C, and 316°C tests are shown in
Figures 13 through 15, respectively. A [08] specimen is not shown in
Figure 15 since these specimens sp]intered into several pieces upon

failure. Figures 16 through 23 present 9 "€y and Oy €y curves for
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TABLE 5. SHEAR MODULUS DATA FOR HTS/PMR-15
(TENSILE TESTS)

Specimen Test Temperature, Shear Modulus,

Number °C (°F) Gyos
GPa (Msi)

13-45 RT* 4.44
: (0.643)

14-45 RT * 3.95
' (0.573)

11-45 316 (600) 2.61
(0.378)

12-45 316 (600) : 2.46
(0.357)

24-45 -157 (-250) 5.28
(0.766)

25-45 -157 (-250) 5.0C
(0.725)

*room temperature
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representative laminates at the different test temperatures. A thin
line is included with each o,-€, curve to indicate the initial slope of
the curve (Figure 20). Transverse strain data were not obtainable di-
rectly at 316°C for the [(i45)2]s and [0/145/90]S laminates (Figures 21
and 23) because of the previous]y noted alignment of the strain rosettes.
Poisson's ratio values were calculated by transforming the strain data.
In general no more than seven percent scatter was observed in the
elastic properties for replicate tests. The values reported for
Poisson's ratio of a [0/:45/90]s laminate at -157°C are the only ex-
ception. However, ny = 0.263 for this laminate is an unusually low
value compared to room temperature and 316°C results and may not be ac-
curate. As expected, higher scatter was observed in the ultimate stress
and ultimate strain data. In most cases scatter was within ten percent.
As shown in Tables 2 through 5 and Figures 16 through 23, test
temperature does affect the tensile ultimate stress, ultimate strain,
and elastic propefties of graphite/polyimide laminates. The temperature
dependence is controlled mainly by three factors: (1) thermal stresses
due to the change in temperature from the cure (stress-free) temperature;
(2) changes in material properties with temperature, and (3) material
damage (such as micro-cracking or fiber-matrix debonding) resulting
from thermal stresses. For all laminates considered, the average
ultimate tensile stress was generally higher at room temperature than
at -157°C or 316°C, and Young's modulus generally decreased with
increasing temperature. The influence of test temperature will be

discussed further in the following sections.
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5.1.2.1 [08] laminate

Figures 16 and 17 show Ty "€y and ox—ey curves, respectively, for a
[08] laminate. For all test environments considered, the laminate ex-
hibits nearly linear stress-strain behavior to failure with the test
temperature affecting only the ultimate stress and ultimate strain. The
o, -€, curves do show a small increase in Young's modulus with incréasing
strain. This is typical of unidirectional graphite composites [35].
Nevertheless, Young's modulus and Poisson's ratio are independent of
temperature, a characteristic of fiber-dominated laminates. Average
ultimate stress and ultimate strain values for -157°C and 316°C tests
were lower than room temperature values. At the lower temperature
thermal stresses and any resulting material degradation are greatest,
whereas at the elevated temperature the thermal stresses are negligible
but the properties of the matrix have changed. As expected, the [08]
configurafion had the highest ultimate stress of all Jaminates tested.

5.1.2.2 [908] laminate

The curves in Figures 18 and 19 for o, "€ and Oy €y respectively,

X
are for a [908] laminate. The o_-e_ curves at room temperature and

X X
316°C exhibit initially linear response followed by nonlinear behavior.
The g,-€, Curve at -157°C is linear to failure. Significant differences
are noted in the Young's modulus and Poisson's ratio values for thé
different test temperatures. Compared to the average room temperature
property, Young's modulus is seventeen percent higher at -157°C and

thirty-five percent lower at 316°C. Also, Poisson's ratio is more than

three hundred percent higher at -157°C and thirty-three percent lower at
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316°C than the average room temperature value. This type of behavior is
characteristic of polyimide resins and is expected for this matrix-
dominated laminate [36]. Average ultimate stress values at -157°C and
316°C were eight percent and thirty-two percent lower respectively,
than the room temperature ultimate stress. The ultimate stress of the
[908] configuration was, as expected, the lowest of the laminates
tested. The average ultimate strain at -157°C was twenty-one percent
lTower than the room temperature average; however, the average ultimate
strain at 316°C was nineteen percent higher than the room temperature
average. This variation of average ultimate strain with temperature is
consistent with the variation of Young's modulus with temperature for this
laminate. Compared to room temperature behavior, a higher (or Tower)
Young's modulus would cause a 1owef (or higher) strain response for a
given stress level. For the corresponding tangent moduli, this behavior
continues in, the material nonlinear range resulting in the observed
ultimate strain response.

5.1.2.3 [(:r45)2]s laminate

Figures 20 and 21 present 9, "€y and ox-ey curves, respectively, for
& [(t45)2]s laminate. Although initially linear, these o, €, Curves
showed the greatest nonlinearity of all tensile data obtained. Again,
differences in elastic properties for the different test temperatures
were observed. Compared to room temperature properties, Young's modulus
was twenty-two percent higher and Poisson's ratio was ten percent lower
at -157°C. Also, Young's modulus was forty percent lower and Poisson's

ratio was five percent lower at 316°C. Differences less than ten
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percent may be attributed to experimental scatter. Young's modulus
values for the [(145)2]S laminate at -157°C and 316°C are affected
similarily to the [908] laminate at these temperatures. However,
Poisson's ratio for the [(145)2]s laminate at these temperatures is
affected differently from the [908] laminate. These differences may

be caused by material degradation in this extreme temperature. Average
ultimate stress and ultimate strain values for the [(t45)2]S laminate
differ for different test temperatures. Compared to the room tempera-

ture data, cg

is six percent lower at -157°C and thirty-two percent
lower at 316°C. This variation is nearly equal to that observed for
ci of a [908] laminate. Axial strain at failure was not recofded for
this Taminate at 316°C because the strain exceeded the range of the data
acquisition system. The ei at -157°C was forty-four percent lower than
the room temperature average. This is also similar to the [908] behavior.

The linear stress-strain data from the [(r45)2]S laminate were used
to calculate G]2 for the graphite/polyimide system [37]. The data are
presented in Table 5. Average G]2 values were twenty-three percent
higher at -157°C and forty percent lower at 316°C than the room tempera-
ture value. The variation with temperature for this property is similar
to the previously explained variation with temperature of Young's
modulus for a [908] lTaminate.

5.1.2.4 [O/t45/90]S laminate

The curves in Figures 22 and 23 of Oy =€y and cx—sy, respectively,

are for a [0/t45/90]S laminate. This laminate exhibits linear stress-
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strain behavior to failure for the -157°C and 316°C test temperatures.
The room temperature test exhibits some nonlinearity just prior to
failure. The Young's modulus and Poisson's ratio values for this lam-
inate are independent of temperature. Average ultimate stress and
ultimate strain values are approximately equal for room temperature
and 316°C tests. The corresponding values of o; and ez at -157°C are
twenty-two percent and sixty-one percent lower, respectively. These
lower values may be caused by failure of the matrix due to the thermal
stresses developed at this extreme temperature.

5.1.2.5 Vij/Ei comparisons

Comparisons of “12/E1 and v2]/E2 were made at each test temperature.
The values of V12 and E] were obtained from the [08] laminate, and the
Vo1 and E2 values were obtained from the [908] laminate. Although the
graphite/polyimide system has orthotropic material symmetry, poor cor-
relation between these values was observed for all test conditions.
The source of the differences may be the value of Vo1 In all cases
this value is small and may not be within the accuracy of the test
procedure. Variations of #0.001 are negligible for V1o but significant
for Vo1- Hence, the sensitivity of Vor combined with the accuracy of

the data may have influenced the vij/Ei comparison.
5.2 Sandwich Beam Tests

5.2.1 Graphite/polyimide compressive specimens
Graphite/polyimide compressive data are presented in Tables 6 and

7. Typical failed beam specimens are shown in Figures 24 through 28.
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TABLE 7. ROOM TEMPERATURE SHEAR MODULUS FOR HTS/PMR-15
(COMPRESSIVE TESTS)

Specimen Shear Modulus,
Number 612,
GPa (Msi)
1-45 5.83
(0.846)
2-45 4,99
(0.724)
3-45 5.11
(0.742)
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Unless otherwise indicated, all composite laminates fajled in the test
section of the beam. Observed modes of failure for these laminates
Were similar to the failure modes for epoxy and metal matrix beam
specimens [27,38]. Stress-strain curves for each laminate configura-
tion are shown in Figures 29 through 32. A thin line is included with
each g €, curve to indicate the initial slope of the curve. The
variation of Poisson's ratio with axial strain was also investigated
for these compressive specimens. Poisson's ratio for a [(¢45)2]

S
laminate increased as much as thirty percent with increasing axial

strain. Minimal, if any, variation was observed for this property as
a function of axial strain for the other laminates. Generally, Young's
modulus, shear modulus, and Poisson's ratio values were within a
twelve percent scatter. Exceptions are a [908] laminate, ny = 0.027,
and a [(145)2]S laminate, Vyy = 0.507. Each of these values differs
significantly from the corresponding replicate tests and may not be
accurate. As expected, higher scatter was observed for the ultimate
streés and ultimate strain data. In most cases scatter was within
sixteen percent.
5.2.1.1 [08] laminate

| Figure 25 illustrates a detailed view of a [08] sandwich beam
failure. Although load pads were used, this laminate failed in.bearing
at the point of load application. Typical compressive stress-strain
curves for axial and transverse strain are shown in Figure 29. The
material behavior is initially linear but becomes nonlinear at higher

strains. Unlike the tensile Young's modulus, the compressive Young's
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modulus decreases with increasing axial strain. This tensile and compres-
sive behavior is consistent with initial curvatures being present in the
graphite fibers [21]. A tensile stress straightens the fibers and
increases the laminate stiffness. A compressive stress adds to the fiber
curvature thereby decreasing laminate stiffness. The average ultimate
compressive stress for this laminate is the highest of the laminates
considered as woqld be expected.

5.2.1.2 [998] laminate

The test section of a [908] beam specimen is shown in Figure 26.
This laminate buckled causing failure. The honeycomb core was'crushed
at the point of composite failure due to the buckling of the laminate.
Figure‘30 presents compressive stress-strain data for this laminate.
The o "€, curve is initially linear but is nonlinear for most of the
strain range. An unexpected result for this laminate was that the
average ultimate compressive stress was not the lowest for the lamin-
ates considered. This will be discussed in the following section.

5.2.1.3 [(t45)2]s laminate |

A portion of a [(t45)2]s beam specimen is shown in Figure 27. The
composite laminate failed along a 0.785R (45°) axis with respect to the
1engfh of the beam. Ply delamination accompanied the crushing-type
failure as seen in the figure. Stress-strain data are presented in
Figure 31. The curves are initially linear but become nonlinear with
increasing strain. Also, prior to failure the sudden decrease in stress
indicates significant local damage. The laminate does, however, con-

tinue to strain considerably prior to total failure. This laminate
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had the Towest average ultimate compressive stress of the laminates
tested. A detailed evaluation of the strain data provides a possible
explaination for this behavior. Ultimate strains for the [(145)2]S
can be transformed from the laminate coordinate system to the natural
coordinate system (Figure 5), and the transformed ultimate strains
can then be compared with [08],and [908] ultimate strains. This -
comparison reveals that the transformed strain in the fiber direction
at failure is greater than the ultimate axial strain for a [08]
laminate. Hence, the [(r45)2]s laminate may be governed by a maximum
strain failure criterion.

Shear modulus values can be determined from the compressive
tests of this laminate in the same manner used for the tensile tests
[37]. The results of the calculations are shown in Table 7.

5.2.1.4 [0/145/90]S laminate

Figure 28 illustrates the test section of a [0/145/90]S beam speci-
men. A crushing-type failure mode accompanied by ply delamination was
observed for this laminate. The stress-strain data are presented in
Figure 32. Similar to the other laminates these curves are initially
linear before becoming nonlinear.

5.2.1.5 Vij/Ei comparisons

Comparison of V]Z/El and vZ]/E2 was made for the compressive data.
Similar to the tensile results, poor correlation exists between these
compressive values. Any effects from a biaxial stress state may have
influenced the transverse strain response. As detailed in the tensile

data discussion, the sensitivity of Voq combined with the accuracy of
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this property may have affected the Vij/Ei comparison.

5.2.2 2024-T3 aluminum compressive specimens

Compressive data for 2024-T3 aluminum are tabulated in Table 8, and
a failed beam specimen is shown in Figure 33. The beam failed in core
buckling in the region of maximum transverse shear stress. Due to this
mode of failure, the ultimate stress and ultimate strain values for
these specimens do not correspond to compressive strength and maximum
obtainable strain, respectively, for this material. The oi and si
data are maximum observed values for each test. No more than two per-
cent scatter was observed in these data. Typical stress-strain
behavior are presented in Figure 34. The material behavior is linear
throughout the test since all the observed stress levels are lower
than the yield stress for this material. The Young's modulus data
has a scatter of less than one percent, and the Poisson's ratio data
has a scatter of no more than nine percent. Hence, all data from these
beam specimens were within experimental scattef.

Average Young's modulus and Poisson's ratio obtained from these
beam tests can be compared with documented aluminum compressive be-
havior [34]." The average observed Young's modulus is 72.95 GPa (10.58
Msi) compared to the documented value of 73.77 GPa (10.7 Msi). Also,
the average Poisson's ratio for the present study is 0.311 while the
documented value is 0.33. For both of these elastic properties the
difference between observed and documented data is within normal ex-

perimental scatter. Hence, beam bending is an accurate method for

determining elastic behavior of this material.
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5.3 Comparison of Graphite/Polyimide Tensile and Compressive Data

Table 9 presents average ultimate stress and ultimate strain data.
In general the average compressive stresses are significantly larger
than the corresponding tensile stresses; in all cases the ultimate
compressive strains are larger than the ultimate tensile strains. The
only exception is the ultimate compressive stress for a [08] laminate
which 1§ within the'experimental scatter associated with the ultimate
tensile stress. However, all [08] compressive beams failed at the point
of load application, and the ultimate compressive stresses are due to
the stress concentrations associated with the loading. Any similar
influence from loading is not observed in the other laminate orienta-
tions since they fail at much lower stress levels. In general com-
pressive ultimate stresses and ultimate strains for composites are
expected to be higher than the respective tensile values.

Any effects on compressive mechanical behavior from the specimen
geometry should be noticeable in the elastic data. An initial assump-
tion in the finite element analysis was that the graphite/polyimide
system had nearly identical elastic behavior in tension and compression.
This characteristic has been observed for metal matrix composites [39].
If the sandwich beam in four-point bending affects the compressive
elastic data, these data will exhibit a consistent difference when
compared to the corresponding tensile values. For example, the
measured compressive Poisson's ratio of the composite may be a function
of the mismatch between Poisson's ratio of the honeycomb core and

Poisson's ratio of the composite. The honeycomb core has a higher
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Poisson's ratio than all the laminates considered. Since fhe transverse
displacement must be continuous across the composite-honeycomb inter-
face, transverse Gy stresses are developed. The effect of these stresses
on the measured axial strain is shown in Equ. (3.17). This example
illustrates possible consistent differences between sandwich beam
compressive data and coupon tensile data. These differences may not be
as pronounced for some laminate orientations but, nevertheless, are
present.

Comparisons of tensile and compressive average Young's modulus,
Poisson's ratio, and shear modulus values are shown in Table 10.
Significant differences are observed between some tensile and compres-
sive values. However, no consistent trend characterizes these dif-
ferences. The difference from tensile values to compressive values
ranges from a 26.8 percent increase to a 14.2 percent decrease. These
differences appear to result from actual material behavior rather than
influence of specimen geometry. An examination of graphite/epoxy test
results also reveals differences in tensile and compressive properties
obtained from similar test specimens [40]. Hence, no effect from the
specimen geometry is apparent in the graphite/polyimide elastic proper-
ties. The assumption of nearly equal tensile and compressive elastic

properties may not be valid for resin matrix material systems.
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Chapter 6
ANALYTICAL RESULTS

6.1 Laminate Analysis

Laminate theory was used to predict Young's modulus and Poisson's
ratio for the [(145)2]S and [0/145/90]S laminates. A computer program
was written to pefform the calculations. The program input required the
material properties E], Vs EZ’ Vo1 and G]2 in the natural coordinate
system at the test temperature. These properties were determined from
tests on [08], [908], and [(t45)2]S laminates, and are shown in Tables 2
through 7.

Table 11 presents comparisons between theory and experiment for
tensile properties at room temperature, -157°C (-250°F), and 316°C
(600°F). Table 12 presents similar comparisons for compressive proper-
ties at room temperature. Al1l predicted Young's modulus values and most
of the predicted Poisson's ratio values are larger than the correspond-
ing experimental properties. More than three-fourths of the calculated
properties differed from average experimental values by less than ten
percent. As seen in the tables, the maximum difference for the re-
maining properties was approximately twenty percent. No trend was
apparent for these larger differences. To be acceptable for engineering
predictions of actual laminate response it is desirable that all cal-
culated values be within ten percent of the experimental values. Hence,
laminate theory predicted approXimate elastic properties, but in some
cases, did not obtain the required accuracy to be used as a high level

design tool. Further investigation of the discrepancies between

81




82

dunjesadway wooy+

3an|eA [PJUBMLABAXD WOAS BDUIIDIS L(lx

vL- SIE'O 0vE"0 "9+ (56°9) 26°Lb (55°9) 9L S (009) 9le s

9 bi+ 09€°0 VIE'D 8 0L+ (60°¢) 888V (0v°9) €L by (0s2-) St- [06/5v7/0]
8°8- 20€°0 1€€°0 S v+ (v2°¢) 26760 (€6°9) 8L LY RE

S 02+ 598°0 8LL°0 L8t (Le"1) vb°6 (92°1) 69°8 (009) 91€ 5.2

67 L1+ £9L°0 289°0 6L+ (£9°2) €178l (85°2) 6L°L1 (0s2-) ¢st- [“(s¥7)]
vib+ 06£°0 (5L°0 €°E+ (8t°2) £0°sl (11-2) ss°vl Nt

#3203 LP ¥IOUUBSJ LD (LSW) ©d9 (1SW) ®d9
FUERNES] Aa09y3 3jeutwey | (ejuawtaadxy BITERNEF] ¢£a03y) Ijeutwe] | ejuauiaadx]y (40) 2 uo1104nb 1 Ju0?)
‘aanjeaadmdy 1531 ESLUTTD]
Ay ‘olley s,u0SS104 xu ‘sninpoy s,bunop

V1VQ 3T7ISN3L JILSV13 G3121034d OGNV TVIN3IWIYIdX3 40 NOSIYVAWOI

‘11 3avl




83

BN[PA [RIUBNILAIAXD WOUAJ DIUIAIJJL(y
8 L+ 682°0 ¥82°0 S+ (86°9) ZL 8Y (88°9) vv Ly mmom\mqq\ou
2°G- 82L°0 89L°0 €L+ (99°2) ve'8l (6€°2) 8% 91 S%(sp7)]
¥20UBUBJLP ¥92UDU3J 1P (LSW) ed9 (LsW) 49
FUERNEY] K102y3 3jeutwe | (ejusawiaadxl JUdIA3( ¢Aa03y3 3jeuruey | ¢ {eruswiaadx]

uotieanbijuo)

Ax

N ‘oljey S,U0SSLOd

xu “snynpoy S,Hunop

IjeuLme]

VIVQ 3ATSS3UdWOD J11SVTII G31I1034d ANV TYIN3WIY3AXI 3YNLIVY3IdWIL WOOY 40 NOSIY¥VAWOD "2l 318Vl




84

laminate theory and experiment was not undertaken as that was not the

main goal of this study.

6.2 Finite Element Analysis

The finite element method was used to perform a stress analysis on
a portion of the sandwich beam test section (Figure 6). Graphite/
polyimide and boron/aluminum flanges with [08], [908], [(t45)2]s, and
[0/145/90]S orientations were investigated at room temperature. A
sandwich beam with 2024-T3 aluminum flanges was also studied. Input
properties for the finite element computer program were obtained from
either experiment, the literature [34,39,41,42] or 1aminate theory.
Graphite/polyimide values were unavailable, for Vogs and graphite/epoxy
data were substituted [43]. A summary of all composite and honeycomb
input properties for the finite element analysis are available in the
Appendix. Equilibrium checks were included in the finite element
program to compare the resultants of the reaction forces with the
applied load resultants. A1l predicted values satisfied equilibrium.

The transverse stress in the top flange, Gy, and the "interlaminar"
shear stress between the top flange and honeycomb core, ;yz’ were the
most important calculated values. These stresses can be related through
an equilibrium equation. As shown in Equ. (3.17), Gy can influence the
axial midplane strain of a composite laminate through the Poisson
effect. Specifically, the effect of éy on observed strain data depends

upon the magnitude of v_ o /o If,

Xy y' ox
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then Equ. (3.17) reduces to

>

(6.2)

A form of Equ. (6.2) has been used to calculate Young's modulus for the

top flange of the sandwich beam, i.e.

Qi
>

E, = =% (6.3)
A X

|

™

where the measured axial strain is assumed to be constant through the
flange thickness. However, if Equ. (6.1) is not true for sandwich beam
specimens, a biaxial stress state exists in the top flange, and previous
calculations of Young's modulus using Equ. (6.3) would notvbe accurate.
The results from the finite element analysis are shown in Table 13.
In each case the calculated &x was nearly constant in the tbp flange as
expected. Calculations for ;yz/ax are not shown in the table since
these values were less than 0.001 in all cases. Hence, ;yz is negli-
gible. Calculations for (-nyéy/éx) are shown for graphite/ polyimide,
boron/aluminum, and 2024-T3 aluminum top flanges. A1l values are less
than 0.01 with the isotropic aluminum flange having the largest value
and the graphite/polyimide flanges exhibiting the smallest values.
The calculations use the average linear elastic Poisson's ratio for each

top flange of the beam. If an instantaneous Poisson's ratio was an

order of magnitude larger than the linear elastic value, the calcu-
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TABLE 13. FINITE ELEMENT RESULTS FOR BIAXIAL STRESS EFFECTS
IN TOP FLANGE OF SANDWICH BEAM

o
Top flange of beam Material system " :X
Y 5
X
[08] graphite/polyimide 0.0001
boron/aluminum 0.0033
[908] graphite/polyimide 0.0001
boron/a]uminum 0.0038
[(i45)2]3 graphite/polyimide 0.0005
boron/aluminum 0.0066
[0/145/90]S graphite/polyimide 0.0001
boron/aluminum 0.0061
2024-T3 aluminum 0.0099
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Tations would still indicate an effect which is less than the approxi-
mate ten percent experimental scatter. Hence; the analysis predicts the
test section of the top flange to be in an essentially uniform, uniaxial
compressive stress state and indicates that the influence of the small
biaxial stresses on the measured material response is negligible. The
analysis does indicate that the influence of biaxial stresses is

larger for metal matrix composites than for resin matrix composites;

nevertheless, this influence is still negligible.



Chapter 7
SUMMARY AND CONCLUSIONS

The results of a comprehensive experimental and analytical study of
the sandwich beam as a compressive test method for composite laminates
have been‘presented. An integral phase of the experimental portion of
the study was the development of tensile and compressive material
properties for HTS/PMR-15 graphite/polyimide laminates. The tensile
propertieé were obtained at room temperature, -157°C (-250°F), and 316°C
(600°F); compressive properties were obtained at room temperafure only.
The effects of temperature on the tensile elastic properties were
presented, and the tensile and compressive room temperature properties
were compared. Also included in the experimental program were results
for some comp}essive elastic proﬁerties of 2024-T3 aluminum alloy and
5052 aluminum honeycomb. The observed properties for 2024-T3 aluminum
were compared with documented results. The compressive honeycomb data
and the tensile composite data were required for input into a three-
dimensional finite element analysis of the sandwich beam. In addition
to this finite element analysis, the analytical portion of this study
included comparisons of average experimental elastic properties for
composite laminates with the corresponding predicted properties from
lamination theory.

The major conclusions from the experimental and analytical results i .
follow: .

1. The sandwich beam in four-point bending can be used
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to obtain accurate, reliable compressive Young's modulus
and Poisson's ratio data for composite laminates. This
conclusion is based upon (a) no apparent effects from
specimen geometry on elastic properties, (b) an es-
sentially uniform, uniaxial compressive stress state
prediction from the finite element analysis, and (c)
accurate Young's modulus and Poisson's ratio values for
2024-T3 aluminum using the sandwich beam specimen.
Ultimate compressive stresses obtained from sandwich
beam specimens should be evaluated for dependence on
local stress concentrations. Although the [908];

| [(:45)2]5, and [0/:45/90]S beam specimens failed in

the test section, the [08] beams failed at the poinf

of Toad application. The ultimate compressive stress
for the [08] laminate is dependent on stress
concentrations due to loading.

Ultimate stresses at -157°C and 316°C were as much as
thirty-two percent Tower than the corresponding room
temperature value. The [08] and [O/t45/90]S

laminates were affected most significantly at the

Tow temperature, and the [(t45)2]S and [908] laminates
were affected most significantly at the elevated temperature.
Strength degradation at lower temperatures is believed
to be associated with the increase in thermal stresses

and resulting material damage .
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5. Significant temperature dependence of Young's modulus
was evident only in the [908] and [(i45)2]S laminates.
The modulus of these laminates increased with decreasing
temperature.

6. Young's modulus and Poisson's ratio for HTS/PMR-15
laminates in this study were not the same in tension
and compression. Differences ranged from a 26.7
percent increase to a 14.2 percent decrease from the
tensile values. No consistent trend characterized

these differences.

7. Lamination theory can predict Young's modulus and
Poisson's ratio for HTS/PMR-15 Taminates but in
some cases, lacks sufficient accuracy to be a high
level design tool. The maximum difference between

theory and experiment was approximately twenty

percent.
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APPENDIX
MATERIAL PROPERTY INPUT FOR FINITE ELEMENT ANALYSIS

The composite and honeycomb material properties for the finite
element analysis are shown in Table A-1. These properties were obtained
from either experiment, the literature [34,39,41-43], or laminate
theory. The Poisson's ratio values for the honeycomb, V1L and VIy®
were calculated from the basic equations of strength of materials.

Assuming the angles of each hexagonal cell are rigid, it can be shown,
(A.1)

where Va1 is the Poisson's ratio of 5052 aluminum alloy.

A two-dimensional finite element analysis of the honeycomb core
cell structure also was performed to predict EL and Vi This analysis
used rod elements to approximate the structure and assumed the rods to
be rigidly connected. A comparison of average experimental values and
predicted values is presented in Table A-2. Although the calculated
Poisson's ratio is more than seventeen percent lower than the experi-
mental value, the correlation between theory and experiment is suf-

ficiently close to have confidence in the experimental results.
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TABLE A-2. COMPARISON OF PREDICTED AND EXPERIMENTAL ROOM TEMPERATURE
ELASTIC PROPERTIES FOR 5052 ALUMINUM HONEYCOMB

Material Experimental Finite Element Percent
Property results results difference*
EL, kPa (psi) 1765.0 1909.8 +8.2
(256.0) (277.0)
VW 1.10 ‘0.9111 -17.2

*Difference from experimental value
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