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ABSTRACT

Test results from the compression loading of ( + 0/_ 0)es angle-ply IM7-8551-7a specimens,

0 _; e _ 90 °, are presented. The observed failure strengths and modes are discussed, and
typical stress-strain relations shown. Using classical lamination theory and the maximum
stress criterion, an attempt is made to predict failure stress as a function of e. This attempt

results in poor correlation with test results and thus a more advanced model is used. The
model, which is based on a geometrically nonlinear theory, and which was taken from pre-
vious work, includes the influence of observed layer waviness. The waviness is described
by the wave length and the wave amplitude. The theory is briefly described and results from
the theory are correlated with test results. It Is shown that by using levels of waviness ob-
sewed in the specimens, the correlation between predictions and observations is good.

INTRODUCTION

The compression loading of composite structures continues to present an interesting chal-
lenge to the designer. Unlike tensile loading, the seemingly simple task of testing for allow-
able levels of compressive stress often leads to results that are open to question. A number
of methods for determining compression strength are available [1]. However, different fix-
ture and specimen designs can lead to different results for supposedly identical materials.
Aside from the Issue of allowable stress levels, there is also the question of what really is the

loading on a structure. Eccentricities can cause a loading to be one of compression plus
bending, when the Intent was to have a purely compressive load. In addition, fabrication of
the structure can lead to defects and variations in the material that could well control failure.
Nonuniform resin distribution, broken fibers, dropped plies, and ply waviness are but a few

of the Imperfections that find their way into actual composites. To make progress in under-
standing the broad Issue of compression failure, narrower and more focused topics should
be studied. This paper presents the results of an experimental and theoretical investigation
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of the compression failure of angle-ply laminates. A fixture that loads specimens in an end-
loaded fashion was used to study the failure of ( -I- e/:1: e)es laminates as a function of the

off-axis angle 0, 0 <: 0 <: 90 °. The material considered was IM7-85,51-7a. The failure stresses,
failure strains, and failure modes were.ram|ned for three replicate specimens at each an-

gle. In an effort to understand the failures, the failure data at specific off-axis angles, as de-
termined from the testing, and from published results, ware used in conjunction with
classical lamination theory and the maximum stress criterion [2] to predict the relation be-
tween failure stress and off-axis angle. Prediction of the mode of failure as well as the
magnitude of the tailure stress were of Interest. Unfortunately, the correlation between the
predictions and experimental results was not good. For low off-axis angles, 0 < 8 < 15 °, the
predictions were roughly a factor of two higher than the experimental results. For off-axis
angles in the range 15 < 0 _; 45 ° the dt_ncy was not as severe. For 0 > 45 °, a range
that represents a less useful cN of laminates, _ c_rrelatton was good. Based on obser-
vations of the lamlnatas tested, and the observations of other similar laminates [3], it was
postulated that ply waviness was responsible for the discrepancies. Work of this nature had
been done before both with fiat laminates [4] and In the context of pressure-loaded cylinders

[5]. To address the Issue of waviness in these compression-loaded angle-ply specimens, an
analytical model was proposed that was based on previous work [4]. The results of this
model were used in conjunction with the maximum stress criterion to predict the observed
test results. To follow is a summary of the test results, a brief explanaUon of the analytical
model, and predictions of failure that are based on the model. These predictions are com-

pared with the test results from the angle-ply specimens.

TE8T RESULT8

The short-block compression fixture used In the testing phase of the study is shown in fig.
1. The fixture consists of two idenUcai halves and in the figure a specimen is positioned in
the bottom half of the fixture. It is seen that a sliding portion of the fixture can be made to

snug against each end of the spacimen to prevent end-broomlng. Each specimen was gaged
with 4 strain gages mounted back-to-back and side-to-side to measure axial strain, and to
aid in assuring a uniform compression loading. A fifth transverse gage measured Poisson
effects. A direct current displacement transducer (DCDT) was used to measure the overall

change in length of the specimen.

The stress vs. strain relations for a (30, a 20 °, and a 45 ° specimen are shown in figs. 2, 3, and

4, respectively. In each figure the average response of the four axial strain gages, the re-

sponse of the transverse gage, and the overall strain response as measured by the DCDT
are shown. The strain response of the transverse gage was actually negative. These strains
are on the horizontal axis. The vertical axis represents the nominal stress normalized by

Young's modulus for the specimen in the direction of loading. As can be observed, the
stress-axial strain response for the 0O specimen was nearly linear to failure. There was an
offset in the relation as measured by the DCDT but this was due to the usual slack that Is

present when measuring displacements. If this offset is removed by manipulaUng the data,
then the axial strain as measured by the gages and the axial strain as measured by the DCOT

would agree quita well. The slopes of the two stress, strain relaUons were nearly Identical.
For the 20 ° specimen the response was also reasonably linear to failure. The 45 ° specimen
showed considerable nonlinearity, the stress-axial strain relation exhibiting a definite knee

and being practically bilinear. The erratic vertical line Indicates failure of the strain gages
due to the strains becoming excessive. The strain as measured by the OCDT continued past

that point, however. These three figures exemplify the range of stress-axial strain behavior
observed for these specimens. For off-axis angles (_ > 45 °, the stress-axial strain relations
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were decreasingly non, near as 0 approached 90 °. The strains to failure, however, became

greater and greater as the off-axis angle increased.

The relation between compression strength, based on an average of the three replicate tests,
and off-axis angle is shown In fig. 5. In the range 0 < 8 < 10 ° the strength was practically
independent of 8. For 10 < 8 < 45 ° the strength decreased steadily with 8, while for 8 > 45 °
the strength was again Independent of 8. As important as the magnltude of the failure stress
is the failure mode. In the range 0 < 8 < 10 ° classic kink band formation was observed,

along with inplane transverse tension failure (splitting) or inplane shearing failure. Both in-
plane transverse tension failure and inplane shearing failure can result In a clean break
within a layer parallel with the off-axis fiber direction. This clean break was observed. The
clean break Indicated that either the strength of the matrix or the strength of the fiber-matrix

Interface, or both, controlled failure. However the kink band Indicated fiber compression
failure was also involved. In the range 15 < 8 < 30 ° a clean break along the off-axis fiber
direction in the absence of kink band formation was observed. This Indicates that the

strength in this range of 8 relied soley on matrix strength and/or fiber-matrix interface
strength. For 8 > 45 ° failure was also along lines parallel with the off-axis fiber direction.
Due to the softening nature of the material at these off-axis angles, there was not the clean
break, however. For this range of 8 some delamination was also observed. This could have
occurred after the Initial inplane failure.

Table 1 summarizes the important specimen responses measured during the testing. The
numerical values in Table 1 are the average of the repeat tests at a given off-axis angle. Note
that the calculation for Poisson's ratio, Vxy, was made at 40% of the maximum load. Erratic
and nonlinear response of the transverse gage at low and high load levels led to this ap-

proach.

COMPARISON WITH CLA881CAL THEORY

Though the experimental data were Important In their own right, it was also important to be
able to predict failure. In particular, it was Important to be able to use data from external
sources, or data from the tests themselves, to construct a failure theory that correlated well
with observations. In that regard, failure stresses from the 45 ° and 90 ° specimens, and data
from ref. 6 were used with stress calculations based on classical lamination theory and the
maximum stress criterion in an attempt to predict failure over the range of 8. The elastic and

strength properties used in these calculations are indicated in Table 2. The correlation be-
tween the classical theory and test results are indicated in fig. 6. In the figure there are se-

veral predicted failure loci, each locus representing a different failure mode. The test results
are represented by closed circles and the predicUons by various other closed symbols, the
triangles representing failure due to fiber compression, the squares representing failure due
to inplane normal stresses transverse to the fiber, and the diamonds representing failure due
to inplane shear stresses. In the theory transverse tension occurs for 8 < 45 °, while trans-
verse compression occurs for 0 > 45 °. As can be observed, for low off axis angles corre-
lation was quite poor. Obviously failure mechanisms or laminate characteristics not
represented by the classical theory were present and not being accounted for. These effects
appear to be very important at the low off-axis angles and less Important at the higher off-

axis angles.

Scraps of the panels from which the specimens were machined were examined for any
anomalies or unusual characteristics. The examination revealed a number of anomalies, in-

cluding layer waviness. The waviness was on the order of 10 to 20 layer thicknesses in length
and 0.2 to 0.5 layer thicknesses in amplitude. It was assumed that waviness was present in
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the specimens _ves, though it would be difficult to prove a postori. With a

compressive loading, layer waviness would seem to be a serious issue. Waviness could

produce an eccentricity in the loading In particular layers, the eccentricity overloading the

layers, generating unwanted interlaminar sheer stress, or simply leading to layer level in-

stabilities. In regard to this latter point, a laminate can be considered as a group of stiff,
parallel, fiber-dominated plates connected to each other through soft, matrix-dominated

interiamlnar layers. With a compressive loading the stiff plates (layers) can buckle, either

•. Individually, or as a group, depending on the _hanics of layer to layer interaction. Due
to the i_ between layers, any buckling that is likely to occur would be of the short

wavelength type, as opposed to overall Euler buckling. The wavelength of the short wave-

length buckling mode could well be in the range of the length of the waviness observed in
the specimen panels. A useful calculation would be to determine the short wavelength val-
ues for the laminates.

In this context, then, a previously developed model was called upon to evaluate the role of
waviness on the compression strength of the angle-ply laminates. Each layer was modelled

as a stiff plate which was assumed to obey the Kirchhoff hypothesis. Geometric nonlinear-

itles, in the sense of yon Karman, were Included in the analysis of each plate. Adjacent

plates were connected by a matrix-dominated layer. The displacements in these, layers were

controlled by the displacements of the adjacent plates. Essentially, the matrix layers were

modelled by a simple shear lag theory. The assemblage of plates was assumed to be com-

pressed by a uniform lnplane strain, each plate being compressed the same amount. All four

edges of each plate were assumed to be simply supported, This assumption does not match

the boundary conditions for the test fixture shown in fig. 1. However, it was anticipated that

the short wavelength buckling mode would result in wave lengths in the Individual layers of

no more than 50 layer thicknesses in length. This would result in a large number of wave-

lengths in both the lengthwise and widthwise directions of the laminate, large enough so that

the actual boundary conditions would not Influence the calculation of stresses and deter-

mations within a single wave.

The geometrically nonlinear model described above was used to derive the Iinearized

buckling equations for the assemblage of plates, and the equations governing the

compreulve response In the presence of layer waviness. Layer waviness was assumed to
consist of an Initial stnusoidal half-wave out-of-plane deformation of the layers. The wave-

length _ and the amplitude (_ of the half-wave Imperfection were considered known. Wave-
lengths equal to the critical buckling wavelength and wavelengths representative of the

anomalous waviness observed in the panel scraps were considered. The critical buckling

wavelengths were determined from the Iinearized buckling model. The geometrically non-
linear analysts used the wave length and wave amplitude information to compute the re-

sponse of the laminate with wavy layers to the applied compressive loading. The

computation of response relied on using the Kantorovlch method and a numerical scheme

to solve the governing equations. Further details of the model can be found in ref. 4.

The stresses computed with the advanced theory were used with the maximum stress crite-

don to predict failure. In addition, an InterlUnar shear strain criterion was used to evalu-
ate the possibility of interlaminar failureJ The 8hear strain of Interest was in the plane that

is perpendicular to the laminate, and parallel to the direction of loading.
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COMPARISON8 WITH THE ADVANCEDTHEORY

The comparison between the numerical predictions from the advanced theory and the ob-
servations from the tests are Illustrated in figs. 7, 8, and 9. Focusing on fig. 7, the predictions
from the advanced theory are shown as nonfilled triangles, squares, and diamonds. The
predictions from the classical theory are also Included for comparison and these are shown,
as they were in fig. 6, as closed triangles, squares, and diamonds. The test data are shown
as closed circles. Shown is the predicted compressive strength as a function of off-axis an-
gle. An imperfection with a wavelength, equal to 20 times a layer thickness and a wave am-
plitude equal to 0.1 of a layer thickness, t; i.e., ,1.=20t and _=0.tt, was used to produce the
numerical results. Including the predictions based on the classical theory provides an indi-
cation of the influence of waviness on compressive response and strength.

Figure 7 Is quite complex. Considerable failure information is shown. Specifically, for each
mode of failure, i.e., fiber compression, lnplane shear, etc., a failure locus is shown. For the
advanced theory each locus was generated by computing the response of the angle-ply
specimens as a function of off-axis angle and determining the applied stress level that

•caused failure for that mode. Clearly, for any given off-axis angle only one mode is impor-
tant, that mode being the one that results in the lowest compressive stress. However, it is
Interesting to see how waviness Influences the mechanics of the problem to change the
dominance of one mode over the others. The calculations are not a continuous function of

off-axis angle because the numerical calculations are computer-intensive, and hence expen-
sive, as they are based on a nonlinear theory. Therefore the calculations were done for 5°
increments of the off-axis angle. Two levels of interlamlnar failure shear strain, (YlL)r,,x, are
included because of the range of values reported in the literature (see, for example, ref. 7).

Examining fig. 7 in detail, It is seen that layer waviness strongly influences failure due to
excessive fiber compressive stresses. The open triangles, which represent the fiber failure
mode in the presence of waviness, are at a much lower stress level than the closed triangles,
the symbols representing fiber failure stresses for the perfectly fiat laminate, i.e., the clas-
sical theory. For low off-axis angles, waviness of the level used in the calcuations could well
explain the differences observed between the classical predictions and the test results.
Continuing with an examination of fig. 7, for the range 15 _; e < 30 °, the open squares with
crosses, the symbols representing inplane failure transverse to the fibers, correlate well with
the test data. The locus for this mode of failure based on the classical theory is represented

by the closed squares. It can be seen that the inplane transverse stress locus is Influenced
by waviness. Regarding failure for any given mode, it should be noted that since waviness
can Introduce bending in the specimen, the failures predicted by the advanced theories for
the various modes do not occur in every off-axis layer simultaneously. The bending causes
the stresses on one side of the specimen, and indeed, on one side of each layer, to be dif-
ferent than the stresses on the other side of the specimen and layer. For the classic theory,

where the specimen is assumed perfectly fiat, failure in a given mode occurs in every layer
at the same time. It is interesting to note In fig. 7 that interlaminar shear effects become

important at low off-axis angles. However, for this level of waviness the interlaminar failure
mode does not appear as Important as the fiber compression failure mode.

The Influence of the wavelength of the Initlat waviness is Illustrated in fig. 8. In that figure
calculations for a wavelength half that used in fig. 7, but with the same wave amplitude, are
shown. Specifically, fig. 8 Illustrates the Influence of waviness with the parameters
_.=10t and (_:0.1t. Comparing fig. 8 with fig. 7, It Is seen that wavelength appears to have

a significant influence on controlUng the failure mechanisms at low off-axis angles. The fiber
compression mode locus, represented by the open triangles, is traced out at very low stress
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levels. The transverse tension mode locus, re_ by the open squares with crosses,

has dropped relative to the longer.wavelength case; and for that matter, relative to the clas-
sic _. Also, the interlmt_ shear strain fatlure _locus using (ysL)m,,,=0.025 begins to
_ the test data. + +ms: degree of waviness is felt to be quite severe. The linearized

buckling analysis indicated that for low off-axis angles, the critical short wave length, `1=, is
about 25 layer thicknesses in length. For high off-axis angles, `1cr= 10t.

The influence of wave amplitude on the predicted failure characteristics is shown in fig. 9.

in this figure ,t =20t and (_=0.2t: This represents a wave amplitude twice that used in fig.
7, the wave length being the same. Focusing again on low off-axis angles arid using fig. 7 for

comparison, it is seen that the Increased wave amplitude has a detrimental effect on the fiber
compression failure mode. Relative to the lower amplitude wave of fig. 7, the locus for the
fiber compression mode is considerably lower. Comparing the influence of decreasing the

wave length by a factor of two, fig. 8, to increasing the wave amplitude by a factor of two, it
is clear the failure locus for fiber compression feilu_ is much more sensitive to the wave-

length parameter, in addition, the inplane transverse tension locus seems to be more sen-
sitive to wave length than wave amplitude, though that distinction is not a dramatic as the
influence on the fiber compression locus. On the other hand, relative to the case of fig. 7,
the interiaminar failure mode seems to be influenced equally as much by wave length as by

wave amplitude. Observations such as these have led some researchers to characterize the
effects of waviness by a single imperfection parameter defined as the ratio of wave amplitude

to wave length, i.e.,

I=_ (1)
`1"

For the cases of fig. 8 and fig. 9 1: 0.01. Based on this observation, and similar observations
for results not shown, it appears that the tnterlamtrmr shear failure locus, and the inplane
shear failure locus, de_ only on the value of this ratio rather than the individual values
of `1or _. For the fiber compression locus, however, it is evident such a parameter may not

have as much significance.

As the severity of the wave Increases, say, by considering the case _=0.2t and `1= 10t, the

inplane transverse tension and the inplane shear loci actually drop below the fiber com-
pression locus. Thus shear in these specimens, be it inplane or interlaminar, can actually
control the response over a significant range of #.

SUMMARY AND CONCLUSION8

Presented has been a discussion of the Influence of layer waviness on the compression

strength of angle ply laminates. The work was motivated by discrepancies between test re-
suits and predictions based on simple theory. From the results presented it can be con-
cluded that there is an Influence of waviness on the predicted compression strength. As with

any study there are a number of Issues that are still left unanswered by the proposed theory.
Brooming of the ends of the specimens could be an alternative explanation for the discrep-
ancles. However, what is Important Is that the proposed theory Indicates that compression

strength Is sensitive to a number of factors, including the possibility of intarlaminar shear
failure in supposedly flat specimens, or inptane transverse tensile failure at low off-axis an-

gles. That these mechanisms are possible Is Important because they must be included in
other models.
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Table I - Tabulated IM718551-7a Test Results

0

5

10

15

20

30

45

9o
7O

75

8O

85

9O

a -- P/A.om

O'_,.r. (ksl)' _*X rnllx

gage strain

114 b 5.9t _

113 6.16

111 6.82

xlO -3)

DCDT strain

7.20 b

8.26

8.21

102 6.95 8.06

70.7 5.97 6.80

44.0 7.21

34.4 c

33.2

33.2

33.3

C

C

C

36.6

37.3

35.3

32.5

32.0

31.4

8.26

128

56.2

45.9

42.0

39.0

34.5

33.1

Ex (Msi)

21.0 b

20.2

18.8

16.3

12.8

7.49

2.46

1.47

1.39

1.32

1.32

1.29

1.28

v_ (@ 40% max. load)

0.323 _

0.446

0.609

0.813

1.037

1.439

0.876

0.334

0.154

0.08.44
u,

0.0502

0.0249

0.0160

b - average values from multiple specimens c - strain gage reached uppi)r limit

Table 2 - IM718661-Ta Elastic Properties and 8trengthe

Compression Elastic Properties

E, 21.0" Msi
E22 1.28" Msi
G12 0.707* Msi
v,2 0.36(P
E neat resin 0.5907 Msi
G neat resin 0.2607 Msl
v neat resin 0.3607

Strengths

S_ 240.0 ° ksi
S_ 31.4" ksi
St, 7.70 ° ksi
S,2 17.2" ksi

* from present experiments
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Fig. 1 - Short-Block Compression Fixture.
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