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ABSTRACT

The main objective of the present study has been to develop a model predicting the
compressive strength of unidirectional composites, and carbon fibre-reinforced plastics in
particular, from the properties of the constituents.

A literature survey was carried out considering topics such as compression test
methods for composites, failure modes and theories predicting the compressive strength
of unidirectional carbon fibre-reinforced plastics. The survey revealed a variety of test
methods with great variation of associated test results. It was therefore felt that an inten-
sive study was necessary in order to establish a meaningful test method. The intention
was to keep the specimen and the test procedure as simple as possible whilst reducing
hardware-induced stress concentrations in the test piece.

The development of a new test method is described and limitations of a coupon test
in general are discussed. The influence of several parameters of test piece preparation and
design was assessed experimentally and by finite element investigations. As a result of
this investigation, the mechanism of tab tip debonding was found to play an important
role in compression testing, and an improved specimen with tab tip debonds is proposed.

In order to study the influence of the test method on the measured compressive
strength of composites, several established compression test methods were compared and
assessed. The new test fixture was used successfully for a range of materials and
specimen configurations, and the test results are presented and discussed.

Two parameters were found to be most important for the compressive strength of
unidirectional composites with volume fraction and fibre type given. The first one is the
shear response of the composite, which is largely determined by the shear properties of
the matrix. The second one is the axial alignment of the fibres within the composite. A
technique which evaluates polished sections of composite samples cut at a small angle
was applied on several materials. This technique enabled the degree of fibre misalign-
ment to be quantified in terms of angular deviations of individual fibre segments. The
shear response of unidirectional composites was determined by tension of +45°-lami-
nates.

Macroscopic instability was identified, experimentally and analytically, as a major
problem in compression testing of CFRP because of the reduction of the elastic properties
of CFRP under compression. By including nonlinear effects in classical buckling
predictions the experimental findings could be verified.

Compressive failure of the composite was modelled as local shear instability using a
simple micromechanical model incorporating the nonlinear shear stress-strain response of
the composite, as well as initial fibre deflection. With the experimentally determined in-
put data the model offered satisfactory answers for the compressive strength of the
composites examined. Light and scanning electron microscopic investigations
strengthened the assumptions made on the failure mechanism.
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CHAPTER 1 INTRODUCTION

Light weight design is dominated by four criteria: strength, stiffness, stability and cost of
a structure of given weight. A merit function including these factors often demonstrates
the superiority of reinforced plastics over metals. The balance is still on the metals side if
it comes to high temperature environment and damage tolerance. However, ceramic and
metal matrix composites look promising in this respect.

Apart from a few applications such as wires, light-weight structures and
substructures always include compression members, elements either under pure
compression or under combined flexural and compression load. One of the principles of
light weight design is to split loads into pure compression and pure tension in order to
avoid relatively ineffective flexural action of full cross-sections. Flexural loading of
frameworks or sandwiches, for example, is transformed into (almost) pure compression
and tension loading of struts or face sheets, respectively. Composites are particularly
suitable for such design due to their high orthotropy. Axial stiffness of compression
members can, for a given material, only be controlled by the cross-sectional area, i.e. it is
proportional to the weight. The bending stiffness of axially compressed struts or panels,
which is of particular importance since buckling in service has to be avoided, can be
designed by geometry, e.g. by using tubes rather than rods, or sandwiches rather than
plain plates. Restrictions are given only by requirements such as aerodynamics or
minimum wall thickness in order to avoid local buckling. Stresses in a member of given
geometry, however, can only be lowered, thus increasing the strength, by increasing the
cross-section under load. Therefore, both high specific strength and stiffness in tension
as well as in compression are desirable for an ideal light-weight construction material.

Composites are particularly valued for their high tensile strength. The comparatively
low compressive strength of some composites, e.g. plastics reinforced with organic
fibres, e.g. aramid fibres, drastically limits their potential for application. The intrinsic
low compressive strength of fibrous materials has long been recognised for wood, the
first composite used to a large extent in aeronautical structures.

Brittle materials usually exhibit higher compressive than tensile strength due to
different failure mechanisms. Tensile failure is controlled by flaws in the material on a
micro-level. Stress concentrations around the discontinuity lead to the development of a
crack and once a critical length is reached the material fails catastrophically. That is why
brittle materials show a strong size effect: the smaller the typical dimension the smaller the
likelihood of a flaw of critical size. The best example is glass where a fibre of a few
microns diameter is several orders of magnitude stronger than the bulk material.
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Compression failure of brittle materials is determined by the shear strength and failure
occurs in planes of maximum shear.

Ductile metals take a mean position. In both tension and compression, failure is
dictated by similar mechanisms, i.e. gliding of crystalline planes, hence compressive and
tensile strengths are similar. Figure 1-1 shows the ratio of compressive and tensile
strengths of some typical materials.

100 3
£
2 Concrete
)
& 10 E o
© 3
2
g Ductile CERP (HT)
g Metals composite
a
£ 13 ®  Wood ?
g ° AFRP
o - (Kevlar)

composite
°
0.1

Figure I-1: Ratio of tensile and compressive strength of different materials.

Ideally, fibrous composites would fail by fibre compressive failure using the whole
potential of the reinforcing material. Fibre loop tests show, for instance, that high-
modulus, highly anisotropic, carbon fibres and organic fibres are relatively weak in
compression compared to intermediate modulus carbon fibres or glass fibres. The ratio
of tensile and compressive strength is low for the highly anisotropic fibres, and the
compressive strength of glass fibres is probably higher than the tensile strength.
However, experimental evidence shows that the failure of composites containing fibres of
high compressive strength is by buckling of the fibres rather than by fibre compression
failure.

The first models developed in the 1960’s to predict microbuckling failure of
composites treating fibres as plates on an elastic foundation overpredicted the critical
stress by a large margin. To-date nonlinear models have been developed which fit the
experimental data, assuming certain reasonable boundary conditions and input data, but a
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universal model to predict compressive failure from the properties of the constituents is
still not available. In other words, there is still uncertainty about the mechanism
triggering compressive failure. The situation is complicated by the problems in
determining from experiment the compressive strength of a given composite system. The
following study illustrates the difficulties encountered when defining the compressive
strength of composites.

A European ‘round robin’ on compression testing of CFRP was conducted recently.*
Seven laboratories participated in testing seven different unidirectional materials using
their own testing procedures. Each laboratory manufactured one particular batch of
material so that the influence of composite production was eliminated. Figure 1-2 shows
the results sorted into categories of materials. Using this chart as a data base, literally any
compressive strength within the measured range could be assigned to any of the materials
examined. The range of results encloses a factor of two for almost all systems.
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Figure 1-2:  Test results of a European round robin in compression testing of CFRP
sorted into categories of materials.

The following Figure 1-3 shows the results sorted into categories of the participating
laboratories. A definite trend is now apparent: the test results are highly dependent on the
laboratory which carried out the test. Some laboratories seemed to have generated
generally higher results than others throughout the range of materials tested. And, nota
bene, all laboratories were experienced in compression testing of composites and used
standard test methods. Test results are obviously to a large extent dependent on the
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individual testing practice, which can be suspected to include parameters such as test
method, testing experience and methods of specimen preparation.
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Figure 1-3: Test results of a European round robin in compression testing of CFRP
sorted into categories of participating laboratories.

The comparison not only shows how desirable a standardisation of test procedures would
be - currently, projects like FACETS endeavour to achieve this on a European scale - but
also how difficult it is to assess factors affecting the compressive strength of a composite.

In the present investigation the approach is taken of clarifying the question of
measuring the compressive strength rather than developing complex analytical models of
compressive failure, the verification of which is questionable at present. Nevertheless, it
will be attempted to qualify a simple model which allows the prediction of compressive
properties from easy to determine other mechanical properties.

A major consideration in this context is, of course, the transfer of results gained
using laboratory specimens under laboratory conditions to real structures. It is common
knowledge that data generated this way are not necessarily useful design data. However,
it is the intention of this project, by isolating the factors affecting the compressive strength
of simple coupon specimens under simple stress conditions, to identify the basic
compressive failure mechanisms. Knowledge of these will allow a more complex
analysis including multidirectional stress fields, environmental and fatigue effects leading
to realistic design allowables for a composite.
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CHAPTER 2 LITERATURE REVIEW

During the past few years extensive research on compressive performance of composites,
particularly CFRP, has taken place in laboratories all over the world. Hardly any other
issue of composite testing has been subject to so much controversy as compression
testing. Although recently there seems to be more consensus on modelling compressive
failure, contradictory test results are still commonly observed. The review of the
published literature concentrates on topics such as compression test methods,
compressive failure modes of composites and theories predicting compressive strength of
CFRP. Since much parallel research has been going on since the current project started,
some coincident findings are unavoidable.

2.1 Compression Testing of Composites

Before comparing test methods some fundamental aspects of compression testing will be
reviewed and the most widespread test methods will be described.

2.1.1 Principles

Generating a uniform one-dimensional stress state is the main objective of a compression
test fixture. The need to prevent overall buckling of the compressed specimen
complicates the situation. Usually, coupon specimens, cut from panels with a typical
thickness of 1 to 2 mm, are used for testing rather than rods. Therefore, the gauge length
of these relatively thin specimens has to be short, or they must be supported by an anti-
buckling device. Short specimens with a typical gauge length from 5 to 12.5 mm are
preferred for testing unidirectional material. Long gauge length, side-supported,
specimens are used for testing multidirectional laminates, so that angle ply fibres are not
constrained by the grips.

Stress concentrations due to load introduction increase with the degree of orthotropy
of the material tested. Thus, stress concentrations present the most serious problems for
unidirectional lay-ups and may cause premature failure of the specimen. This problem
will be discussed later.

There are three basic methods of introducing a compressive load into the specimen:
direct loading of the specimen end; loading the specimen by shear; and mixed direct and
shear loading.
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e ————— Tl
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Figure 2.1.1-1: Different methods of load introduction into a compressive specimen.

Another possible way to classify compression test methods is by the type of specimen
used. Generally, three types can be distinguished:

1. The short coupon specimen which is usually tabbed and used for
unidirectional laminates as mentioned above. Load introduction is either by
shear (‘indirect’) or by loading of the end (‘direct’) which results in a mixed
shear/end-loading of the laminate.

2. The long test piece. This test piece is either tabbed or untabbed and used
preferably for multidirectional laminates. Under compression a lateral support
has to prevent buckling of the specimen (e.g. CRAG).

3. The sandwich specimen. Different core materials have been used for this type
of specimen. The sandwich is either tested as a beam, i.e. in four-point
bending (ASTM), or in a direct compression test (e.g. Crasto and Kim,
1990).

Figure 2.1.1-2 shows the three fundamental specimen types schematically.
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Figure 2.1.1-2: Different compression test piece types.

Clearly, there exists a variety of less widespread special purpose compression test pieces.
Examples of these are the tubular specimen proposed by Swanson et al. (1988) or the
ring specimen used by Kim and Tsai (1988).

2.1.2 Compression Test Methods

A vast variety of test methods and modifications of test pieces has been proposed during
the past two decades as illustrated by Table 2.1.2-1. In this section the principal test
methods will be described.

Direct loading of the specimen end as specified for instance in ASTM D695 ‘Test
Methods for Rigid Plastics’. A dog-bone shaped specimen is machined from the material
sheet; it is not suitable for high strength composites. Because of the low transverse
strength and the low interlaminar strength of these materials the specimens fail by end
crushing, sometimes referred to as ‘brooming’, and/or longitudinal splitting.

Shear loading of the specimen end, which is usually tabbed in the same manner as
for a tension specimen, is the most common method. Shape, material and precision of
the end tabs are likely to influence the failure mode and strength result. One of the first
fixtures using this principle is the Celanese fixture, developed at the Celanese Research
Center and later adapted as ASTM D3410 standard. The specimen is held in conical
wedge grips which are accommodated in tapered sleeves. An outer cylinder maintains
alignment of the parts. When the load is applied to the sleeves, it will be transmitted to
the specimen by shear through friction between the specimen and the grips. This fixture
needs careful adjustment to the specimen's thickness, otherwise non-uniform load
distribution on the cones will lead to distortion of the sleeves and friction with the outer
cylinder. The problems encountered with this method will be discussed in detail in
Chapter 6.
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Type of | Method/specimen/ Reference (see legend below)
specimen fixture 1|2]3]4{5]6|7]8]o [toli1 12]13 14}15|16/17|18]19 o1 22[7.3 4
ASTM D695 0 0
BS 2782
Cambridge fixture .
CRAG .
Side (multidirectional)
supported | Northrop ETL method 0
Speci men Face supported fixture (0] 0
Lockheed fixture 0
Wyoming end-loaded
fixture o
Modified ASTM D695 0 olo| |o o) o
RAE method 0 0
Various end-loaded o o .
coupon fixtures
Birmingham method (o) .
Celanese method olo! |oiol lo]l |o o o
Modified Celanese (o)
Short specimen
Weom: -
coupon yorg;}inrgsoedlﬁed o
specimen | DIN 29971 (modified o
Celanese)
CRAG (unidirectional) .
Modified CRAG o
specimen (tabs)
Modified CRAG o
specimen (waisted)
IITRI method o 0|o|0 0j0} 10| |0[0|O
Hercules mod. IITRI 0
(Honeycomb) SWB (o) 0]
Sand- Reusable SWB 0
wich Mini-SWB .
IITRI Mini-sandwich 0 o
Others Ring specimen .
Tubular specimen .
1 Ryder/Black, 1977 9 Geduney et al., 1987 17 Berg/Adams, 1989
2 Clark/Lissagor, 1981 10 Henrat, 1987 18 Leeser/Leach, 1989
3 Woolstencroft et. al., 1981 11 Lee, 1987 19 Poon, 1989
4 Grimes, 1981 12 Westberg/Abdallah, 1987 20 Crasto/Kim, 1990
S Gruberetal., 1982 13 Curtis, 1988 21 Mrse/Pigott, 1990
6 Adsit, 1983 14 Kim/Tsai, 1988 22 Pinnell et. al., 1990
7 Lamothe/Nunes, 1983 15 Soutis/Fleck, 1988 23 Adams/Lewis, 1991
8 Barker/Balasundaram, 1987 16 Swanson et. al., 1988 24 Whitney/Guihard, 1991

Table 2.1.2-1: Static compression test methods for composites and specimen
modifications described in the literature; circular symbols indicate a
comparison of methods.
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The German standard DIN 59273 and CRAG (Curtis, 1988) specify slightly modified
versions of the Celanese fixture and specimens. Many internal company test standards
were found to be based on the Celanese principle with various specimen types.

A fundamental modification of the Celanese fixture was developed by the Iilinois
Institute of Technology Research Institute (II'TRI) (Hofer and Rao, 1977). Here, tapered
wedge grips, which fit into matching pockets in massive steel blocks, are used rather than
conical ones, so that specimens of different thicknesses can be easily accommodated.
The steel blocks are aligned by pillar guides and linear ball bearings. The weight of the
fixture - the one used in the present investigation weighs about 250 N - reduces the ease
of use significantly.

Both the IITRI and the CRAG fixtures are shown schematically in Figure 2.1.2-1
and Figures P-1 and P-3 show the rigs in comparison to other rigs and disassembled,

respectively.
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CRAG (Celanese) IITRI

Figure 2.1.2-1: The CRAG and IITRI compression fixtures, shown schematically.

The Wyoming University modified Celanese fixture (Westberg and Abdallah, 1987) uses
wedge grips similar to the IITRI fixture thus evading the problem of having to adjust the
grips to the specimen thickness.
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The fixture used by British Aerospace is a further variation of wedge action type
fixtures.It combines features of the Celanese as well as of the IITRI fixture and can be
regarded as a synthesis of these fixtures. The IITRI type wedge grips are accommodated
in Celanese type circular tapered sleeves. The outer cylinder which aligns the sleeves is
an open frame rather than a closed shell allowing access to the specimen. Quick release
retaining pins additionally ease handling of the rig. The BAe jig is shown in Figure P-2
with a specimen mounted.

Note that in all of the above fixtures the gripped portion of the specimen is loaded
transversely (through-thickness) in order to generate the shear load.

A typical representative fixture for mixed shear and end-loading is the configuration
proposed by Purslow and Collings (1972) and modified by Port at the Royal Aircraft
Establishment (RAE) (Port, 1982). The specimen, which is waisted to force failure in the
centre of the gauge length, is bonded into slots in aluminium end blocks. The amount of
shear loading depends on the properties of the adhesive as well as on the thickness of the
bond layer. Great care is needed in specimen preparation.

A modified ASTM D695 specimen as specified, for instance, in the SACMA
recommendations (1989), is loaded in a similar way. The end-tabbed and overall-
supported specimen with a gauge length of 5 mm is purely end-loaded. A certain amount
of the load is introduced to the specimen by shear through the end tabs, depending on the
stiffness of the tabs and bond layer. An additional device for overall alignment of the test
piece is recommended. Although the specimen needs careful preparation, parallelism of
the specimen ends is particularly important, the test jig is of remarkable simplicity thus
cheap and and very easy to handle. Due to the transverse constraint of Poisson's
deformation the specimen may experience some transverse loading which in turn leads to
friction between the support faces and the specimen.

A variation of the RAE method is the method developed at Birmingham University
by Barker and Balasundaram (1987). Here, an RAE-type specimen with a waisted gauge
section is clamped within steel cubes at the end rather than being bonded into aluminium
blocks. Thus, the specimen end is loaded directly and a portion of the load is transmitted
by shear. By adjusting of the torque on the clamping bolts the amount of shear can be
varied. Mounting of the specimen is very simple. Frictional effects are minimised by
using a die set, as discussed in Chapter 9, but the clamping causes through-thickness
loading of the test piece.

Figure 2.1.2-2 shows schematically the three representative methods for mixed
shear/end-loading.
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Figure 2.1.2-2: Modified ASTM D695, RAE and Birmingham compression test
methods, shown schematically.

Waisting the specimen, which in fact is an optimised form of tabbing, has to be carried
out carefully in order to maintain a symmetric specimen, otherwise one would be likely to
introduce bending and cause premature failure. Port (1982) showed that interfacial
splitting due to excessive shear stresses can be avoided when the specimen is waisted
following the taper contour equation, which gives the minimum gauge length as:

c

)— (2.1.2-1)

s

8min = tln( d

min

where ¢ is the nominal (unwaisted) specimen thickness, i, the minimum (waisted)
specimen thickness, S, the compressive strength and S;s the interlaminar shear strength of
the material.

Stress concentrations at the ends of the end tabs of unwaisted specimens initiate
failure at local stress levels which can be significantly higher than the measured overall
stress level. Therefore, strength results obtained with unwaisted specimens are to be
regarded as a lower bound for the compressive strength. It is, on the other hand, unclear
how damage caused to the surface fibres when the specimen's waist is machined
influences compressive failure initiation.

Long gauge length specimens, i.e. multidirectional laminates, are either end-tabbed
and shear-loaded or, as for instance recommended in CRAG (Curtis, 1988), end-loaded
with end fittings to prevent brooming.
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Sandwich specimens are usually designed rather as sandwich beams than sandwich
columns, and are loaded in four-point bending. The composite top (compressed) cover
sheet is the specimen to be tested. A metal honeycomb core, variations to be discussed
later, and a bottom cover sheet with greater stiffness and strength ensure that the
specimen fails on the compression side. In this way very thin specimens can be tested.

The high costs of this type of specimen led to the development of a reusable
sandwich beam by Gruber et al. (1982). Here, the core in the test section is made of
plexiglas and a CFRP sheet used as tension face. On the compression side the specimen,
rather than being bonded, is clamped between two aluminium end caps. The drawback as
with most sandwich specimens is that stresses cannot be measured directly.

2.1.3 Comparison of Test Methods

In this section comparative studies on test methods, fixtures and specimen modifications
described in the literature are reviewed. Since most standards leave a wide choice of test
piece parameters, a parametric study of the test piece is implicitly included in these
investigations. In Table 2.1.2-1 the test methods described in the literature are listed and
it is indicated which publications compare various methods.

Ryder and Black (1977) presented a test method for a large gauge length specimen.
The specimen was tabbed only on one end and the gauge section of approximately
130 mm length was supported by an anti-buckling device similar to the one specified in
ASTM D695, The tabbed end was gripped in the testing machine and the other end,
untabbed and machined square, was butted flat on bearing plate. Alternatively, they
suggested, both ends could be tabbed and gripped. The test method was found to work
satisfactorily for two multidirectional laminates of T300/934 with 25% and 67% 0°-layer
content, respectively. Failure in all cases occurred in the gauge section.

Only a few references can be found comparing test methods using long supported
and short unsupported test pieces, as in the work done by Clark and Lisagor (1981).
They investigated the influence of test method, specimen width and thickness and lay-up
on the compressive strength of T300/5208. The test fixtures used were the IITRI,
modified to allow testing of wider specimens, and a face-supported fixture. An end-
loaded coupon fixture was used to obtain comparative data for quasi-isotropic specimens.

The IITRI method was found to provide the most consistent results for
unidirectional and quasi-isotropic lay-ups, where failure is governed by the 0° plies.
However, the results for the quasi-isotropic lay-up were comparable for all three
methods. The face-supported fixture yielded the most consistent results for [+45°]s
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laminates. Not surprisingly, strong influence of specimen width was found for [+45°],
when tested in the IITRI rig due to constraint of the layers. The difference in the ultimate
stress was greatest for unidirectional specimens, the IITRI method giving about 25%
higher results than the face-supported fixture. Test results were little influenced by
specimen width but by specimen thickness for all methods. The 8-ply test pieces showed
signs of overall instability in all cases. The modulus of elasticity values were found to be
only insignificantly different for the three fixtures examined.

Grimes (1981) described the influence of environmental conditions on the static
compression and compression-compression fatigue properties of AS/3506-1. The test
methods employed for static compression were the Celanese method for unidirectional
laminates and the Northrop ETL method, which uses an untabbed rectangular specimen
two inches wide and three inches long, for multidirectional and [90°], laminates.

Lamothe and Nunes (1983) investigated the influence of fixture design on the com-
pressive properties of glass, Kevlar and carbon/epoxy systems, as well as on FP alu-
mina/aluminium and FP alumina/magnesium composites. Both methods employed, the
ITTRI and the Celanese, gave similar results for the tangent modulus. The II'TRI method,
however, was found to yield higher strength results and less scatter in data for the epoxy
composites. The authors found both methods unsuitable for testing of metal matrix
composites because of premature adhesive shear failure.

The properties of the core of a sandwich beam can influence the failure mode of the
beam as stated by Shuart (1981). If the core takes a certain amount of the bending load,
which is the case with the plexiglass core of the reusable sandwich beam, the neutral axis
of the beam must be known before the load on the specimen can be determined. This is
not simple when the elastic behaviour of the cover sheets is not linear, the neutral axis
position being dependent on the strain state. It should also be noted that transverse
stresses are built up when the curved specimen is compressively loaded. These stresses
are presumed to inhibit certain compressive failure modes, particularly for multidirectional
lay-ups. That tendency could be observed in compression/tension fatigue tests of a
reusable sandwich specimen (Argyris et al., 1988).

Adsit (1983) stated, regarding results of a testing round robin including a (honey-
comb) sandwich beam, that Celanese and IITRI methods give comparable results. The
IITRI method, however, appeared to be easier to use and more flexible to varying
specimen thickness.

Reducing the gauge length of the Celanese specimen down to a length of 6 mm leads
to increasing compressive strength results as shown by Lee (1987). Results achieved
with specimens of different gauge length should therefore be handled with care.
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This is confirmed by the investigations of Woolstencroft et al. (1981) on the CFRP
system XAS/914C. They compared a range of test methods including the standard
Celanese method; a modified version using a waisted specimen with a gauge length of
only 4 mm; the RAE method; and the modified ASTM D695 method. They found that the
modified Celanese specimen yielded strength results some 50% higher than the standard
version. A (linear) finite element analysis, however, revealed a poor distribution of
longitudinal stress and noticeable transverse stresses in the centre of the gauge length
from which they concluded that the specimen was not measuring a true compressive
strength. According to the finite element analysis the ASTM specimen had a reasonable
stress distribution, second only to the RAE specimen which offered the most uniform
distribution with negligible transverse stresses. A design value, calculated as the mean
minus three times the standard deviation of the strength results of the test, was used to
assess the methods. The standard Celanese, giving a low mean value and high scatter, as
well as the ASTM D695, with a reasonable mean but high scatter of results, were rejected
as test methods. Because of the relatively high mean of the RAE method combined with a
remarkably low scatter of results, they finally recommended that method as the most
suitable to characterise compressive properties of CFRP.

Port (1982), however, demonstrated that this specimen exhibited macroinstability
and therefore measured a buckling strength. This could explain why the scatter of test
results achieved with the RAE method was so low. Port consequently proposed a new
standard specimen with reduced slenderness ratio. He also reported similar strength
results for the new RAE specimen and the modified Celanese specimen when the
slenderness ratio of the latter is increased to the same order as that of the RAE specimen.

The fixture proposed by Barker and Balasundaram (1987) employed the new RAE
standard specimen with the attractive feature that the specimen was not bonded, but
clamped. Barker reported similar results gained with both methods and stressed the
merits of an untabbed unbonded specimen when testing under various environmental
conditions.

Gedney et al. (1987) examined carbon/epoxy fabrics using the ASTM D695, a
Union Carbide modified D695 with tabbed specimen, and the Celanese method. The
authors found that Celanese and modified ASTM methods yielded comparable results, the
Celanese method strength results being slightly lower but exhibiting significantly less
scatter.

Henrat (1987) compared the DIN 29971 compression test method and ASTM D695
with modified specimen of 2 mim thickness. Several unidirectional intermediate-modulus
carbon fibre reinforced plastics were used in the study. The author found that the
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modified ASTM D695 method gave consistently about 15 to 20% lower values than the
modified Celanese method. The reason for the lower values could be attributed to end
crushing of the ASTM specimens. End crushing failures can most probably be avoided
when a specimen thickness of 1 mm, as suggested by SACMA, is adopted. Scatter of

strength results, as well as the modulus of elasticity, were found to be independent of the
test method.

Westberg and Abdallah (1987) carried out an extensive experimental and analytical
study examining three test methods: Hercules-modified II'TRI, the modified ASTM D695,
and a sandwich beam with aluminium honeycomb core and titanium backsheet loaded in
four-point flexure. The material used in their investigations was Hercules AS4/3501-6.

A finite element analysis investigated the influence of the following parameters on
the stresses at the tab tip of the two coupon specimens:

nominal specimen thickness;
taper angle of the end tab (10° and 90°);
tab material (0° CFRP, 0/90° GRP, aluminium);
nut torque (modified ASTM D695).
In addition to the above-mentioned parameters, the test programme included factors such

as:
unsupported length (distance between tabs);

specimen width (modified I'TRI);

type of tabbing adhesive.
The finite element analysis showed, as expected, that the lower the longitudinal stiffness
of the tab, the lower the longitudinal stress peaks on the specimen surface. The stress
concentration factor for the longitudinal stress was found to be similar for both methods
when the specimen configuration was the same, whereas transverse stresses were about
twice as high for the IITRI specimen. The specimen thickness was found to have a
significant influence on the peak stresses, indicating a more uniform stress distribution
through the thickness for smaller thicknesses. Tapered end tabs, obviously, yielded
lower surface stresses than end tabs with square ends.

Not all the findings of the finite element analysis were reflected in the test results.
This might have been due to the fact that nonlinear effects like specimen buckling and
material behaviour were not considered adequately in the calculations. Tapering of the
end tabs, for instance, might reduce stress concentrations but at the same time the free
length of the specimen is increased, which might outweigh the other effect.

Interestingly, the specimens for both methods seemed to have an ‘optimum’ gauge
length of about 5 mm for which the ultimate compressive stress was maximum. Whilst
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the predicted trend regarding the specimen thickness was confirmed for the ASTM
specimen, for the HTRI specimen the opposite tendency was found. The greater the
specimen thickness, the higher was the measured compressive strength of the specimen
with the standard gauge length. Note that the slenderness ratios for the standard
configurations as quoted in the paper are 16 and 28 for the modified ASTM specimen and
the 'TRI specimen, respectively. Reducing the slenderness ratio of the IITRI specimen
by reducing the gauge length resulted in a strong increase in compressive strength.

The tabbing adhesive was found to have a significant influence on the test results
gained with the modified ASTM D695 method. The higher the strength of the adhesive,
the higher was the compressive strength of the specimen. This fact suggests that end tab
debonding had played an important role regarding that test method. The tightness of the
nuts of the ASTM side support influenced the result as well, but here friction, which is
taking part of the applied load, cannot be separated reliably.

In flexure tests of sandwich specimens the face sheet bonding adhesive did not
influence the failure stress as long as the backsheet bondline did not fail. Failure stresses
dropped by 10% when the face sheet thickness was increased from 4 to 10 plies.

Westberg and Abdallah concluded that, depending on specimen configuration and
test method, results could range from 120 to 300 ksi (830 to 2070 MPa). They stated that
the three test methods in their optimum form each produce comparable results of around
300 ksi with comparable coefficients of variation. It is worth noting that these strength
data are the highest published for this material.

Tan (1990) carried out a similar finite element analysis of the IITRI and Celanese
method with findings in agreement to the investigation above. Test results using the
Celanese method were very low compared to results gained with a face supported fixture,
which was attributed to global instability of the Celanese specimen. The author therefore
rejected the Celanese method as a meaningful method for measuring the compressive
strength of unidirectional CFRP.

Following a comprehensive review on compression test methods Berg and Adams
(1988 and 1989) compared experimentally the IITRI, the Wyoming-modified Celanese
method and a Wyoming end-loaded specimen configuration. The materials used were
CFRP (AS4/3501-6) and GFRP (S2/3501-6) in unidirectional and quasi-isotropic lay-up.
The IITRI method again gave the highest strength and lowest scatter of results for
unidirectional composites, a fact attributed to the superior rigidity and consequently better
specimen alignment of the IITRI fixture compared to the Wyoming rig. The end-loaded
fixture using an unwaisted untabbed specimen surprisingly gave similar strength results
to the Wyoming fixture. Strength and modulus data for the quasi-isotropic laminates
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were similar for all three methods. Comparing data gained with strain gauges and
extensometers, it was concluded that both methods are equivalent, but strain gauges were
recommended. Extensometers, though easier to mount, are likely to be damaged at
specimen failure.

In a more general publication Adams (1989) compared state-of-the-art compression
test methods for composites, concluding that the I'TRI method is the current standard for
comparison.

The CRAG modified Celanese method was examined by Soutis and Fleck (1988).
Testing T800/924C carbon fibre-reinforced epoxy, they employed two modifications of
the specimen recommended by CRAG: one with tapered rather than square tab ends and
plain gauge section, and one with a waisted gauge section. The waisted specimen yielded
about 10% higher compression strength than the plain specimen, which was about 70 %
of the material tensile strength. The authors concluded that the CRAG modified Celanese
is a method relatively easy to use and that the result gained with the waisted specimen is a
true measure for the compressive strength. They also tested multidirectional laminates
with and without holes. Failure strains of the unnotched specimens were found to be
similar to the values of the unidirectional material. Therefore, they concluded that the
failure mechanism in the axial plies was little affected by the off-axis plies. A single hole
of 5 mm diameter in a 50 mm wide specimen was reported to reduce the compressive
strength by 40%. Not surprisingly, further strength reduction was observed for a second
hole, particularly when the edge distance of the holes was less than a hole diameter.

An end-loaded tubular specimen for testing unidirectional laminates was presented
by Swanson, Colvin and Haslam (1988). In addition to the axial fibres, the tube must
contain fibres in the hoop-direction. Lay-ups containing 12 axial and two or three hoop
plies have been tested. The failure stresses for the unidirectional AS4/3501-6 seemed to
be quite low and dependent on the content of hoop fibres (1053 MPa and 1538 MPa for
the two and three hoop plies, respectively, when the stresses in the hoop plies were
neglected).

Recently, two promising techniques have been introduced. Both methods use sandwich
type specimens, characteristically with thin composite skins.

The first one is the ‘compact sandwich beam method’ proposed by Mrse and Piggot
(1990 and 1991). Instead of a honeycomb core of the standard sandwich specimens they
used an acrylic core of 4.35 mm thickness onto which three plies of unidirectional
laminates were bonded. The laminate used in their investigation was AS4 fibre-
reinforced PEEK made from four different prepregs. The samples were plasma treated
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before bonding in order to ensure good adhesion. Failure occurred on the compression
side in most cases; only the strongest laminate in this investigation presented problems
when the acrylic core failed before the laminate. The results they gained for AS4/PEEK
were considerably higher (between 1.52 and 1.85 GPa) than the data gained with
conventional methods (around 1.1 GPa) for all prepregs examined. Therefore, they
concluded that the ‘compact sandwich beam method’ should be adopted as a standard
method for compression testing of composites. However, the authors regarded the core
material and lever arm length which they had suggested initially as the drawbacks of the
method at the time of publication.

The other part of their investigation examined the effect of fibre alignment on the
compressive strength of the composite. Applying the method of Yurgartis (1987), they
determined the in-plane and out-of-plane fibre angle distribution of the four laminates.
They found, in general, a good correlation between the standard deviation of the fibre
alignment and the compressive strength. Also, a linear correlation between the square of
the angular deviation and the modulus was found.

The second method is a variation of the sandwich specimen and was proposed by
Crasto and Kim (1990). The honeycomb core of the standard sandwich beam is here
replaced by a slab of neat resin of the same type as the matrix of the composite to be
tested, in order to avoid strain incompatibility. The composite prepreg, two or four plies,
is placed on both sides of the core and the whole assembly is co-cured, thus eliminating
the usual adhesive layer and accompanying procedure. The authors stated that this
specimen is simple and inexpensive to fabricate, that it required a smaller volume of
composite than an all-composite coupon and that it could be tested either in four-point
flexure or in axial compression, using a specimen of standard dimensions in each case.
Since stresses in the composite skins cannot be measured directly, they were calculated
using the rule of mixtures for axial compression or engineering bending theory for
flexural testing, respectively.

In an experimental programme the authors produced specimens to be tested in four-
point bend flexure and the IITRI fixture. The composites used were (unidirectional)
thermoset AS4/3501-6, thermoplastic AS4/PEEK (APC-2) and S-Glass/1035.

The test results of the axially compressed mini-sandwiches were substantially higher
than the equivalent results of standard coupon tests for all systems examined. Most
epoxy sandwich specimens failed in the gauge section and from microscopic evidence the
authors suggest shearing of fibres, i.e. compression failure of the fibres, rather than a
buckling mode as the triggering event of failure. APC-2 sandwich specimens partly
failed in the gauge section and partly under the tabbed region. The glass sandwich
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specimens failed at compressive strains of almost 4% and showed signs of fibre fracture,
longitudinal splitting and delamination. Some of the AS4/3501-6 coupon specimens, and
particularly the S-Glass/1035, were found to have failed in global buckling.

The AS4/3501-6 and S-Glass/1035 sandwich beams tested in four-point flexure
presented problems because of core cracking yielding lower results than when tested in
axial compression. For APC-2 both tests yielded similar results due to the higher
toughness of the PEEK core.

Whitney and Guihard (1991) compared results from direct compression of the mini-
sandwich beam and the standard IITRI specimen using two multidirectional and a
unidirectional lay-up of AS4/3506-1. Whilst test results for the sandwich were obtained
from a reference, the tests using a conventional test piece were carried out by the authors.
Generally, they found the values obtained using the sandwich specimen higher than the
equivalent values for the standard specimen, this fact being most pronounced for the
unidirectional lay-up. However, it is remarkable that the mean value obtained for the
24-ply standard specimen is only 1128 MPA compared to values of 1600 to over
1700 MPa reported by Odom and Adams (1990) using the same test method. This
underlines once more how much coupon test results are dependent on the experience of
the tester and the particular specimen configuration. The value quoted for the mini-
sandwich beam is 2086 MPa. It would be interesting to know how repeatable the
sandwich results are under different laboratory conditions. Interestingly, Whitney and
Guihard found bending or buckling type behaviour on all strain-gauged standard
specimens before catastrophic failure, despite the very low failure stresses. It is
suggested that other factors (see Chapter 5) possibly contributed to the observed
behaviour.

2.1.4 Factors Affecting the Test Results

As shown above, numerous studies comparing different test methods, thus implicitly
studying factors affecting the test results, have been published. However, rigourous
investigations into the effects of individual factors of testing practice are relatively scarce.

One of those was the investigation by Westberg and Abdallah (1987) described in
the previous section. Odom and Adams (1990) investigated failure modes of AS4/3501-6
specimens using the ITTRI method. In their study they varied parameters such as tabbing
material, geometry of the tabs and gripping condition. They found that a specific failure
mode of the specimen is dependent on the factors examined and so was the associated
strength result. However, for a particular configuration strength and failure mode could
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not be correlated, suggesting that the macroscopic failure mode was a secondary effect.
The test results were highest for tapered steel tabs and only for tapered glass tabs were the
results significantly lower. Initial debonding of the tab tips lowered results as well but
only marginal influence from gripping was found.

In a publication based on the same experimental results (Adams and Odom, 1991)
the authors addressed the problem of macrobuckling. Since the test results for specimens
with slightly debonded tabs were only slightly lower, they rejected the argument of
Chamis and Sinclair (1985) that tab tip debonding during the test increased the effective
unsupported length of the specimen significantly. Since the specimens with debonds
failed at the end of the tabs rather than at the end of the bond line, they concluded that
clamping forces of the IITRI rig override the stress concentrations caused by load
introduction. Finally, they recommended untapered glass fibre/epoxy tabs as they yield
only slightly lower resuits and are easier to produce. They stated that existing standards
are sufficiently general that less than satisfactory results can be obtained, even if all
guidelines are fully conformed to regarding testing of unidirectional CFRP.

Adams and Lewis (1991) investigated the influence of specimen gauge length and
loading method on the compressive strength of unidirectional composites. The materials
used were AS4/3501/6 CFRP and S2/3501/6 GRP. They found that as long as global
instability of the specimen could be avoided there was little influence of the gauge length
on the measured compressive strength. The limit for the slenderness ratio was quoted as
25 to 30. This was in general agreement with work by Port (1982), Barker and
Balasundaram (1987) and Smoot (1982). The influence of the method of load
introduction, i.e. shear loading or end-loading, were considered as being small as long as
the ends of the end-loaded specimen are not crushed and the tabs in either case do not
debond.

Very little has been published to quantify the so-called ‘operator influence’ on test
results. Lee (1987), for example, when examining the influence of gauge length on the
measured compressive strength using the Celanese method, quoted 10% higher results in
a second attempt with much reduced scatter. Although this might be within experimental
error, it is believed that test results are generally more consistent - and often higher - with

increasing operator experience.

Hart-Smith (1991) presented some interesting views on testing of composites in
general, illustrated on a laboratory case history. Some of his findings and suggestions
had been made independently in the present investigation. He stated that design of test
coupons and their imperfect manufacture and testing are serious sources of scatter in
measured strengths, concluding that variation in fibrous composite material strengths is
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largely a consequence of inappropriate test technique and specimen design. Tabbing of
the test piece is shown to be one of the most important factors in this context. In
particular, he recommended the use of friction tabs rather than bonded ones and cross-
plied rather than unidirectional laminates for compression strength specimens. He
strongly recommended that future test specimen specifications be more flexible with only
the size of the gauge section specified, instead of the entire geometry and the method of
load introduction.

2.2 Strength Prediction

2.2.1 Compressive Failure Modes of Composites

Strength prediction for a given material is much simplified if the failure mode of the
material is known since, often, intrinsic properties, in particular under multi-dimensional
stress conditions, are not known. A predictive model from basic (one-dimensional)
properties is therefore not possible for a complex material like a composite.
Unfortunately, observations of the compressive failure process in unidirectional com-
posites are very difficult because failure is usually sudden and catastrophic. Post-failure
analysis of the fracture surfaces may be misleading when the sudden release of stored
elastic energy of the specimen, the testing rig, and the testing machine destroys the evi-
dence of initial failure. Also, it is often found difficult to distinguish between primary
and secondary failure modes and between testing artefacts and ‘natural’ failure.

In the following, the investigations will mostly be concentrated on unidirectional
CFRP but supporting evidence for other composites, particularly from the early
publications, is considered as well. Figure 2.2.1-1 gives a brief summary of failure
modes on different levels of the composite which have been reported or suggested, as
discussed in the following.

Failure modes observed in CFRP specimens, in particular, include: macrobuckling
of the specimen (e.g. Port, 1982); crushing of the specimen end and longitudinal splitting
(e.g Weaver and Williams, 1975); interfacial failure (e.g. Port, 1982; Weaver and
Williams, 1975; Parry and Wronsky, 1982); microbuckling of a fibre bundle (e.g.
Prandy and Hahn, 1990; Hahn and Williams, 1986); microbuckling of fibres in a kinking
mode (e.g. Evans and Adler, 1978; Lee, 1986; Hahn and Williams, 1986; Potter, 1986;
Hahn and Sohi, 1986); shear failure of the specimen (e.g. Ewins and Ham, 1973;
Hancox, 1975) and shear fracture of fibres at several locations in a fibre bundle
embedded in epoxy (e.g. Hahn and Sohi, 1986); compressive shear failure of fibres in a
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laminate (Crasto and Kim, 1990); and local fibre ‘bulging’ (Melanitis and Galiotis,
1990).

; Test piece
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Figure 2.2.1-1: Principal observed failure modes of composites.

Shear failure of the specimen, i.e. failure in the plane of maximum shear, which is to be
regarded as an upper limit for the compressive strength of any material, was observed at
room temperature by Ewins and Ham (1973). Moving to higher temperatures, they
discovered that the failure mode changed to a fibre microbuckling type. Port (1982)
stated that such a transition is not encountered in currently used CFRP systems and that
failure is always of a microbuckling type, regardless of temperature. This is due to the
fact that modern matrices are less brittle and stiff than the early systems so that the fibres
fail by buckling before their compressive strength is reached.

In order to elucidate compressive failure in the laminate which is, as mentioned
before, difficult to observe, various studies have been carried out using single filaments

or fibre bundles embedded in resin carriers.
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Hawthorne and Teghtsoonian (1975) investigated compression failure of single carbon
fibres of various types and modulus embedded in epoxy resin. They found a trend of
decreasing compressive fibre strength with increasing modulus for pitch and rayon-based
fibres. It was suggested that fibre compression failure changes from a shear to a buckling
or kinking mode of microfibrils with increasing fibre anisotropy. This microkinking
mode was thought to occur as fine partial microcracks initiating in individual, well-
aligned but uncoupled microfibrils in the surface layer of the carbon fibre. The
compression strength of PAN type II and type A fibres could not be obtained since fibre
fracture was not observed before the epoxy resin failed in shear at about 3% direct strain.

In contrast, recent research on single fibres under compression using Raman
spectroscopy by Melanitis and Galiotis (1990) suggested that modern high-strength
intermediate-modulus fibres (Courtaulds’ XAS) can fail locally in a yielding (‘bulging’)
mode. This, however, has so far not been observed in a composite for this fibre. Crasto
(1990) reported compressive failure of AS4 fibres in a laminate tested using the new
mini-sandwich beam in direct compression.

Hahn and Sohi (1986) examined compression failure of fibre bundles embedded in
epoxy resin rather than single filaments. The fibres used were (modern) carbon fibres
T300 and T700 and high-modulus P75. Shear failure of single fibres at several locations,
causing gradual failure of the composite, was observed only for high-modulus P75 fibre
bundles. The other carbon fibre bundles as well as glass fibre bundles failed by
microbuckling, the carbon fibre bundles failing more in a quite localised kinking type.
Fibre fracture occurred immediately after buckling. Interestingly, the failure strains of the
intermediate modulus bundles were higher than those of their composites.

Norita, Kitano and Noguchi (1988) investigated the compressive strength of 13
different fibres including organic, metallic, PAN and pitch-based carbon fibres by the
loop method. They found in general a direct correlation between fibre shear modulus and
fibre compressive strength. Testing composites fabricated from those fibres using epoxy
resins, they also found that the composite compressive strength increased with increasing
fibre compressive strength, i.e increasing fibre shear modulus. They emphasised that the
result for the boron composite was almost the value predicted by elastic microbuckling
(Rosen, 1964). For composites containing fibres with high orthotropy (such as organic
fibres and pitch-based carbon fibres, where the ratio Ef/Gyis high) composite strength is
dictated by fibre strength. With increasing shear strength there is a transition towards
buckling domination, the upper limit of the compressive strength being the shear modulus

of the composite.
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Kumar and Helminiak (1990) generally confirmed the above findings in their
comprehensive review on compressive strength of high performance fibres. Regarding
carbon fibres they stated that compressive strength of both pitch and PAN-based fibres
decreases with increasing (longitudinal) modulus of elasticity. And at a given modulus
the compressive strength of a PAN-based carbon fibre is higher than that of the pitch-
based one. They suggested that failure of polymeric fibres is rather by buckling of
fibrils/microfibrils, whereas compression failure of high modulus carbon fibres is by
brittle fracture.

Applying the fibre loop test on pitch and PAN-based carbon fibres, Tsushima
(1989) concluded that failure for both fibre types was initiated on the tensile side and not
affected by some pre-failure damage on the compression side. The loop strength resuits
were about 1.5 to 2 times higher than the tensile strengths from fibres with 25 mm gauge
length. The Weibull strength theory was found to be in good agreement with these
findings.

Crasto and Anderson (1990) suspected that, since they found an inverse relationship
between crystallite aspect ratio and compression strength of pitch-based fibres, buckling
of crystallites may be involved in the compression failure mechanism. They associated
relatively low fibre compressive strength with sheet or ribbon-like structure (as in pitch-
based fibres), and granular or particulate morphology (as seen predominantly in PAN-
based fibres) with comparatively higher compression strength.

Madhukar and Drzal (1990) examined the effect of fibre-matrix adhesion on the
compressive properties of CFRP containing the high-strength intermediate-modulus
carbon fibres with different surface treatment (AU-4, AS-4, AS-4C). They found that the
influence of fibre surface treatment on the modulus of elasticity was only marginal,
whereas the compressive strength was highly dependent. From fracture surface analysis
they suggested that failure of specimens with low ILSS was due to delamination and
global delamination buckling, in-phase microbuckling of fibres for intermediate ILSS and
compressive failure of fibres in several planes perpendicular to the fibre axis for high
values of ILSS. Compressive fibre failure was suggested from the evidence of stepped
fracture surfaces. However, it should be noted that the failure stress was relatively low in
that investigation (1174 MPa for the composite with the highest ILSS). Considerably
higher failure stresses for AS-4 fibre-reinforced composites have been reported elsewhere
so that fibre compression failure, which has to be regarded as the upper limit for the
compressive strength, is rather unlikely.

Boll, Jensen and Cordner (1990) tested several single carbon filaments, including
Hercules AS-4, IM6 and IM7 embedded in epoxy. In contrast to other authors they
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found no evidence of microbuckling of the carbon fibres, but of a glass fibre tested for
comparison. SEM studies suggested transverse shear failure of the carbon fibres. Fibre
failure occurred at a fraction of the composite failures stress (about 10% for the HMS
carbon fibre and the glass fibre). However, they emphasised that composite failure does
not correspond to initial fibre failure but is likely to be caused by an accumulation of
breaks. They supposed that compressive fibre failure is determined by a more or less
uniform fibre micro-crystalline structure rather than by random effects.

Prandy and Hahn (1990) tested different pitch and PAN-based carbon fibre bundles
(rather than single filaments) embedded in epoxy resin. In all pitch-based fibres failure
occurred at many locations and, as stated above, the bundle did not fail catastrophically.
The three types of pitch-based fibres exhibited quite different distinct failure modes,
including shear failure at 45° (UHM), transverse cracks with fracture surfaces normal to
the fibre axis (HS, HM) and longitudinal splitting (HM). All specimens containing PAN-
based fibres failed catastrophically and failure was by fibre microbuckling followed by
kinking in some cases. Failure strains increased with decreasing modulus for both types
of fibres, though the absolute values of failure strains of PAN-based fibres were
significantly higher. Interestingly, and in contrast to the previous author, failure strains
of the PAN-based fibre bundles were significantly higher than the values generally
reported for the composites (all greater than 2%).

Microbuckling of fibres or fibre bundles, i.e. local microinstability, is accepted by
most authors as the principal failure mode of currently used high strength carbon fibre-
reinforced plastics, although the mechanisms triggering failure are still unclear.

Woolstencroft et al. (1982) pointed out that microbuckling of fibre could be caused
by loss of support due to interfacial failure caused by tension stresses. They showed that
transverse tension stresses in the matrix by the mismatch of Poisson's ratio of matrix and
fibre, matrix cooling shrinkage and moisture absorption can reach significant values.

Failure of a kinking type is usually observed in CFRP since brittle carbon fibres are
likely to break immediately after buckling at two locations due to additional bending
stresses. Since the buckled fibres disturb the equilibrium of neighbouring fibres the kink
band, defined by rotated fibre segments which may experience further breakage during
the failure process, will spread across the specimen.

The boundary planes of the kink bands are inclined at an angle § (see Figure 2.2.1-
2) of approximately 15 to 25 degrees to the normal of the fibre 0°-direction (e.g.
Budianski and Fleck, 1990) The specimen, therefore, exhibits fracture surfaces in these
planes. ‘Crossing’ kink bands and kink bands ‘reflected’ at the edge of the specimen
have been frequently observed. Longitudinal splitting is likely to occur as a secondary
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effect when transverse tensile stresses are developed due to kinematic incompatibility in
the matrix, or when a kink band intersects a void.

S

| B
| i Figure 2.2.1-2: Kink band geometry.

2.2.2 Models Predicting Compressive Strength

One of the first models is commonly attributed to Rosen (1964). In a two-dimensional
elastic analysis the reinforcing elements are treated as columns (of infinite width) on an
elastic foundation. Two buckling modes are possible: the extensional (symmetric) mode
involving matrix normal deformation and the shear (antisymmetric) mode causing mainly
shear deformation (compare Figure 2.2.1-1). The shear mode was found to be the critical
one for high fibre volume content of practical composites. The critical stress is the
compressive strength of the composite, which is for this case:

1

— 2.2.2-1
v (2.2.2-1)

Ocy = Gm

The compressive strength depends only on the initial shear modulus Gy, of the matrix and
the fibre volume fraction of the composite. However, models based on elastic buckling
theory yielded results which overpredicted the compressive strength of fibre reinforced
polymers by a large margin, typically by a factor of two to four.

More detailed investigations, for instance incorporating a three-dimensional
continuum rather than treating matrix and fibres as two-dimensional (e.g. Sadowky, Pu
and Hussain (1967) brought similar results.

Greszczuk (1973) reviewed and compared some of the early models. In a later
publication (1975) he considered a three-dimensional composite containing fibres with
circular cross-section and deduced for the critical stress, assuming (elastic) shear mode
failure, which is the compressive strength of the laminate:
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Ocy = Glt + Kb (222—2)

where Kp is a bending term including the fibre stiffness and an end constraint factor. For
macroscale composites, €.g. aluminium rod reinforced resins, good agreement with
experimental results was found. A size effect was observed and influence of initial fibre
deflection suggested.

It had soon been realised that non-linear effects had to be taken into account to obtain
realistic predictions for practical composites. Schuerch (1966) examined the compressive
strength of uniaxial boron fibre-metal matrix composites. He proposed that compressive
failure takes place when the matrix material is in the plastic zone due to compressive
strain. The (elastic) matrix shear modulus in Equation 2.2.2-1 was therefore replaced by
an effective tangent matrix shear modulus Gyy,ef; Which is dependent on the compressive
strain.

1
cu = Gm I3 c) T <, 22.2‘3
o, ,ff(g)l__‘? ( )

Lager and June (1969) also proposed to modify Rosen’s model by introducing an
‘empirical influence coefficient’” of 0.63. This led to good agreement of predictions with
experimental results for boron fibre-reinforced epoxy where fibres were arranged in a
nearly square array.

Herrmann et al. (1967) examined the compressive behaviour of ‘initially crooked
wires’ surrounded by matrix. They found that only for extremely small ratios of the
shear moduli of reinforcing element and matrix would buckling be possible. But it was
stated that the difference of elastic modulus in tension and compression might be
explained by the beam-column behaviour of initially non-straight fibres. Lanir and Fung
(1972) investigated the micromechanics of fibre composite columns. They concluded that
fibre buckling in the elastic range of metal matrix composites does not affect the overall
mechanical behaviour, but that debonding between fibre and matrix reduced the buckling
load. In the plastic range of direct strain they expected the buckling of fibres would have
a significant effect since the deformation due to fibre waviness is of the order of the

compressive deformation.

Hayashi (1970) modified the elastic shear buckling theory by taking into account
plastic behaviour of the matrix material under axial compression. He had found that for
bulk material shear instability took place when the applied compressive stress equalled the
shear modulus of the material. Applied to composites he postulated that compressive
failure occurred when the matrix shear modulus equalled the instantaneous axial

compressive stress:
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o~ Go(on) (2.2.2-4)

so that the compressive strength was obtained as:

2.2.2-5
ch=o—;‘/f+0r;(1_w') ( )
where of* is the fibre stress corresponding to op,. This is the rule of mixture for strength
and the composite compressive strength is approximately proportional to the fibre volume
fraction. Since data on Gy(0;,) were scarce, the critical matrix (axial) stress was
approximated by the matrix yield stress:

. (2.2.2-6)

O = Opy
so that the compressive strength was approximately:

Oy = O;‘?' +Opy (1 - W’) (22'2_7)

It was noted that this equation did not give satisfactory predictions for the whole range of
boron/epoxy tested by Lager and June (1969), but fairly good agreement for glass/epoxy
and was therefore considered to be a large improvement on the predictions of the Rosen
model. However, Equation 2.2.2-6 would significantly overpredict the compressive
strength of composites containing fibres with low failure strains, due to low fibre strength
(e.g. polymeric fibres) or due to high fibre stiffness (e.g. metallic fibres, carbon fibres).
Piggot and Wilde (1980) pointed out that when the fibre strength is the limiting factor the
rule of mixtures including the fibre compressive strength oy s can be applied:

Oy = cu,j“{" + 0}; (1- ‘6") (2.2.2-8)

where g, is the matrix stress at fibre failure strain.

In a later publication (1989) Hayashi described the decrease of the effective shear
modulus of epoxy under axial compression and derived the simple relation for the
effective shear modulus:

G,r=Go+0 (2.2.2-9)

This linear relation showed good agreement with torsion/compression tests on epoxy rods
for compressive stresses up to 30 MPa. For larger compressive stresses the
experimentally determined reduction in shear modulus was higher than predicted by
Equation 2.2.2-9. Also, for carbon fibre-reinforced epoxy cylinders in tension this
equation was found to be valid, i.e. the shear stiffness of the cylinders was increased
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under tension. The geometric deformation has been taken into account. The author
therefore suggested that the relation is valid also for laminates.

Kulkarni, Rice and Rosen (1975) included shear deformation of the fibre, rather
than treating the fibre as rigid, which reduced the compressive strength of the composite
compared to the Rosen prediction to:

- “(1 ~ Vf—_—) A (2.2.2-10)

Norita, Kitano and Noguchi (1988) accepted the validity of this equation as an upper
bound which could experimentally be verified for some systems such as boron and
alumina fibre-reinforced epoxies.

One of the first models incorporating implicitly plastic microbuckling of initially
curved fibres is the one described by Argon (1972). He developed a model of ‘shear
collapse mode of failure for composites’ in analogy with kink bands in metal crystals. An
energy balance yielded after simplifications, such as neglecting bending terms:

L3
®o

O“C u

(2.2.2-11)

where k is the plastic shear strength of the matrix and ¢o an initial angle of fibre

misalignment. One of the shortfalls of this equation is that the effect of fibre volume
fraction is not considered.

Swift (1975) discussed the effect of initial fibre curvature on the tensile elastic
moduli of laminates. He found that for glass fibre composites the effect of fibre waviness
is negligible both in reduction of initial modulus and strain hardening, but significant for
stiffer boron fibre composites. However, it is not clear whether his input data on fibre
deflections were realistic.

Davis, Jr. (1975) found experimental evidence of the shear modulus being a
function of the applied compressive stress. It is not known whether a correction of
geometric effects has been made. However, failure of boron epoxy in a shear instability
mode was reasonably well predicted when initial fibre curvature was included and the
experimentally determined G(o, ) was used.

Weaver and Williams (1975) tested CFRP rods with a fibre volume fraction of 36%
under hydrostatic pressure and found increasing compressive strength with increasing
pressure. They observed specimen failure by end crushing and longitudinal splitting
from the end as well as debond failures in the specimen body at low pressures. At higher
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pressures the failure mode changed to a kinking type. Parry and Wronsky (1982) (see
also Wronsky and Parry, 1982) carried out compression tests with CFRP containing
type-3 carbon fibres under hydrostatic pressure. They used specimens of dogbone shape
with circular cross-section. Failure was by fibre kinking preceded by some /longitudinal
splits and interfacial failure starting from the centre of the waist at low pressure. At
higher pressures longitudinal splitting was suppressed. Interfacial failure seemed to be a
specimen design problem (Equation 2.1.2-1) as was longitudinal splitting from the
specimen end in the case mentioned above. The ultimate compressive stress was strongly
dependent on pressure. They rejected therefore any model based on shear stress
controlled failure of fibres in CFRP as reported by Ewins and Ham (1973), which would
be much less pressure dependent. Also, theories where the compressive strength is based
on the matrix shear modulus as proposed by Rosen were ruled out, because the initial
matrix shear modulus is only weakly dependent on pressure.

The shear strength of the composite, however, increases in a similar range as the
compressive strength. They reported a twofold increase of the maximum interlaminar
shear stress for a pressure of 300 MPa compared to ambient pressure. Therefore, they
considered models based on the strength, ductility and possibly toughness of the matrix
rather than the modulus as more suitable to predict the ultimate compressive stress of the
laminate. A local surface condition was suggested to cause first buckling of a group of
fibres which then promotes the kink band.

In 1980 Piggot and Harris rejected Rosen’s model on the basis of the linear relation
of fibre volume fraction and compressive strength they found for a range of fibre-
reinforced polyesters of moderate volume fractions. Varying the state of cure of the
matrix resin they found a strong correlation between matrix modulus and matrix yield
strength as well as between composite strength and matrix yield strength. Linear
variation of the compressive strength of carbon, glass and Kevlar fibre-reinforced
polyesters was also reported by Martinez et al. (1981) up to a fibre volume fraction of
40%. Above this value the compressive strength did not increase significantly and even
dropped at volume fractions above 60%. Surprisingly, fibre misalignment reduced the
compressive strength of composites containing glass and carbon fibres only for angles
exceeding 10°. The effect of deliberate fibre kinking by indenting the rod specimen was
drastic and could be described by the relation

O = 0g + bR (2.2.2-12)

where R is the minimum radius of curvature of the indentation and g, and b are constants.

Since the composite strength of a laminate with a minimum radius of curvature of 5 mm
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was equal to the strength of the plain laminate, the authors concluded that compressive
failure due to fibre curvature occurred only for smaller radii of curvature. This would
suggest that fibre curvature of that order was present in the composite (Piggot, 1981).
Fibre/matrix adhesion was identified as being important for good compressive strength of
a composite.

Wang (1978) extended the shear instability model of Argon (1972) by taking into
account a nonlinear shear response of the composite. Assuming initial sinusoidal fibre
deflection, the amplitude of which increased under compressive load leading to shear
instability (this mechanism will be described later in detail), he developed the following
relation:

G, o, ﬂ‘g
(;lt — O l

T =

(2.2.2-13)

where fo/l denotes the fibre amplitude over half wave length 1nitially present in the
composite. The fibre volume fraction is included implicitly by taking composite shear
properties rather than matrix properties. Wang stated that f/l is at best a statistical
quantity and difficult to measure for a given composite. He therefore proposed the
following procedure to prove the validity of the strength prediction model. Firstly, the
shear-stress strain behaviour of the composite is determined from stress-strain curves of a
+45° laminate under tension. With these data a value for fy/l is selected so that the
predicted result matches the experimental value in a particular test condition. This value
characterising the fibre waviness is then regarded as a material property independent of
test conditions. Applying the theory with shear stress-strain curves from different test
conditions, i.e. temperatures, in an incremental manner, Wang found that predicted
results agreed reasonably well with the experimental results.

Hahn and Williams (1986) identified compressive failure of two different carbon
fibres in four different resins as shear crippling, with the development of kink bands, if
the matrix was stiff, and microbuckling without regular kink band pattern but large post
failure deformation of the fibre causing multiple fractures due to high bending strains if
the matrix was soft. In a model similar to Wang (1978), considering forces acting on a
fibre segment rather than an energy balance for a composite element, the equilibrium
compressive stress was found to be (see also Tsai and Hahn, 1980):

Yiz
O = V; Gu—p 2.22-14
Vi + L2 (2.22-14)

which is basically the solution of Wang multiplied by the factor Vx This factor is a
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consequence of regarding a fibre rather than a fibre/matrix element and the authors
supposed that it would give a more realistic estimate of the compressive strength.

Assuming elastic-perfectly plastic behaviour, the compressive strength of the
composite is derived from Equation 2.2.2-14:

Ty

Oy =V,
0 vy + ﬂj% (2.2.2-15)

Tsai and Hahn (1980) had deduced that approximation without the factor Vx For weak
fibres flexural failure occurs before matrix shear or interfacial failure, yielding the
compressive strength:

iz E (2.2.2-16)
28851 1

Approximating the initial laminate shear modulus by:

1 Vv n(-¥)
R A A/ 222-17
C;lz Gf+ Gm ( )
with
1/, G
{1+ 2.22-18
1= *G,.) ( )

they calculated the value for the initial fibre imperfection from test results of one laminate,
similar to Wang’s approach. Under these assumptions, Equation 2.2.2-15 overestimated
the compressive strength when the matrix tensile modulus was less than 3 GPa. But in
general they found reasonable agreement with the experimental data.

Ceramic matrix materials do not exhibit yielding characteristics typical for polymers.
Steif (1987) therefore extended the classical microbuckling analysis by including slippage
at the fibre/matrix interface to predict compressive failure of composites with brittle,
weakly bonded constituents. Imperfections were included by assuming initial fibre
deflections and catastrophic failure assumed at first interfacial slip. This led to an
equation similar to that found by Argon (Equation 2.2.2-11) replacing the yield strength
of the matrix by the interfacial shear strength Sjrof the composite:

E S
S Gl (2.2.2-19)
{

cu

where E is the composite modulus of elasticity. Published data could only be verified
using this equation by chosing somewhat arbitrary input parameter for the initial fibre
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deflection. However, the author concluded that the model was an improvment since its
predictions were substantially below classical predictions.

Yeh and Teply (1988) considered unidirectional composites containing fibres of low
shear strength. They predicted compressive failure either as local shear instability given
by the maximum of the following expression (compare Equations 2.2.2-10 and 2.2.14,
without the factor V):

(o)

Gy Jo
e )
-+ y o

7 (2.2.2-20)

where fp and f are typical fibre deflections in the unloaded and compressively loaded
composite, respectively. Alternatively, they predicted local shear failure when the
maximum of the shear stress transverse to the fibre direction given in the following
equation reaches the shear strength of the composite:

Ty = % sin2¢ + Tcos2¢ (2.2.2-21)

where ¢ is the local fibre angle. They concluded that the fibre microbuckling model
(Equation 2.2.2-19) is suitable for composites containing fibres with high shear modulus,
and that local shear failure is the dominant failure mode of composites containing fibres
with low shear modulus, such as Kevlar 49.

Wisnom (1990) considered the effect of a small fibre misalignment on the
compressive strength of a laminate. Considering a laminate element rotated by a small
angle he derived the equilibrium equivalent to Equation 2.2.2-13, expressing the laminate
properties by matrix properties:

Gy

O, = m (222‘22)

where V,, denotes the volume fraction of the matrix. The maximum of the right hand
side gives, as in Wang’s model, the compressive strength. Additionally, he suggested
including the axial strain the matrix suffers, by replacing the shear strain in Equation
2.2.2-22 by the maximum shear strain ymax:

Ymar =/ (En (14 V) + 72 (2.2.2-23)

v is the shear strain induced by fibre misalignment, &, the axial strain in the matrix,
which is taken as the composite axial strain, and vy, is the matrix Poisson’s ratio.
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Applied on XAS/914C he found that a misalignment of 0.25° is sufficient to reduce the
compressive strength from 2720 MPa to 1850 MPa, or to 700 MPa for 3°, respectively.

It has to be noted that the models suggesting shear instability generally yielded
reasonable agreement with experimental data only on a semi-empirical basis. The input
datum for the fibre deflection was a free parameter which allowed fitting of test results. A
strength prediction a priori was not possible because of lack of data for the initial fibre
waviness. Yugartis (1987) had proposed a promising technique to quantify fibre angle
distributions by analysing micrographs of polished samples. This will be described in
detail later in the current investigation.

Relatively few investigations took into account experimental evidence of kink band
inclination. Chaplin (1977) derived from a volumetric strain argument a relation between
the kink boundary angle g and the kink fibre angle o. Expressing the volumetric strain
within the kink band as:

_ cos(f- a) _

1 (2.2.2-24)
cosp

vol
and assuming no change in the volumetric strain, he found the relation:
a=2f (2.2.2-25)

Budianski (1983) generalised the elastic shear buckling solution to a kink band inclined at
an angle B and deduced the critical stress for elastic buckling:

O¢r = Gll + Ertanzﬁ (222_26)

where E;, is the transverse modulus of elasticity. This, as Rosen’s equation, gave the
critical value for the kink boundary angle as = 0°. Introducing perfect plasticity, the

ultimate compressive stress reduced to:

Ocu = ( Yy )Ocr,el (222'—27)
‘PO + Yy

Regarding a kink band inclined at an angle $ and using a quadratic yield condition for

transverse and shear stresses:

2 2
(1) +( "") -1 (2.2.2-28)

Ty Orr,y
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and the ‘assumption-of-convenience’:
2
E, (Gtr,y)
G- . (2.2.2-29)
the ultimate compressive stress was determined as:
o = (_L_] o
b6 \ﬁg vy, (2.2.2-30)
or with yy neglected:
k*
Oy = — (2.2.2-31)
$o
with
Gy \2. 5\
k* =k (1 " (—k—y) tanzﬁ) (2.2.2-32)

With the simplification of = 0°, so that k = k*, Argon’s relation (Equation 2.2.2-11) is

obtained.

An analysis of the elastic effects of localised boundary imperfections yielded the

following relationships for long-wave imperfection:

Ocu

G

Gt

and for short-wave imperfection:

[ %
tan B=+(y2- 1)‘/7‘;"—
Gn

(2.2.2-33)

(2.2.2-34)

Experimentally observed kink boundary angles fell into the band defined by these two

equations.

Finally, a bending analysis, assuming inextensional bending of perfectly brittle

fibres and rigid-plastic behaviour of the matrix, led to the relationship for the kink band

width wy:

o ilie)

(2.2.2-35)
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For CFRP this expression yielded reasonable predictions (e.g. Soutis, 1991).

Hahn (1987) proposed a unified analysis of kink band formation, i.e. all three
geometric parameters of the kink band are determined. A deformation tensor was used to
describe the deformation within the kink band assuming a perfectly plastic matrix
behaviour. He found for the kink (fibre) orientation q, i.e. the angle of fibres within the
kink band:

o =20 (2.2.2-36)
Or
and the kink band width:
-
we = "% 1B (2.2.2-37)
4 Vo

The kink boundary angle is taken as half the kink fibre orientation angle (Equation 2.2.2-
25). In a semi-empirical approach experimental results for fibre stresses at failure of
(composite compression strength divided by fibre volume fraction) and kink boundary
angle were used as input data. The analysis showed that fibres failed on the compression
side at the point of maximum curvature.

The predictions for the kink band width agreed fairly well with the experimental data
for Kevlar and carbon/epoxy but were too low for glass/epoxy. Predicted kink orientation
angles were considerably smaller than the observed ones. It was stressed that the kink
orientation angle might be increased after failure if the load is not released immediately,
which is confirmed by experimental evidence.

Fleck and Budiansky (1990) emphasised, as Budiansky (1983), that compression
failure of polymeric composites is a plastic rather than an elastic event. They stated that
yield stress scales in a linear fashion with elastic stiffness of polymer matrices. Thus the
compressive strength of the fibre composite varies linearly with elastic modulus which
has led several investigators to conclude erroneously that microbuckling is an elastic
event. They generalised Budiansky’s analysis to include remote shear stresses. A rigid-
perfectly plastic analysis approximated well the onset of yield in the elastic-perfectly
plastic solid. They found that for small ratios of yield strain and initial fibre misalignment
both reduced to the approximation:

0., = k* (1 - f’_) (2.2.2-38)
®o

where e has been defined as the proportionality factor between applied compressive and
shear stress and k™ is defined by Equation 2.2.2-32. In the case of vanishing remote
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shear stress, and the assumption for mathematical convenience from above, this reduces
to:
k *
¢0 + ¢y

Ocy =

(2.2.2-39)

They concluded that the axial compressive strength increases with decreasing fibre
misalignment and increasing shear strength of the matrix, and with decreasing remote
shear stress.

Their buckle propagation analysis suggested that only a small compressive stress,
less than the matrix yield stress, is necessary to propagate an existing microbuckle.

Published micromechanical investigations into compression failure usually assume a
homogeneous fibre-matrix pattern and uniform loading. The interaction of fibre and
matrix in the microbuckling analysis was examined by Chang and Lessard (1991) for
composites with non-uniform stress distributions. Their analysis, based on the minimum
potential energy principle, included matrix extensional energy which they attributed to the
interaction between fibre and matrix.

Interestingly, they found that local buckling strengths under non-uniform loading
can be significantly higher than the uniaxial strength of the laminate under non-uniform
loading. For a ‘point’-load in the centre of the laminate, for instance, the local stress
concentration can be almost eight times the uniaxial compressive strength before buckling
occurs. They concluded that the inclusion of the matrix extensional energy is essential for
predicting local fibre buckling strength in composites. A non-uniform and more
concentrated load distribution can significantly affect local fibre buckling strength.
Laminates under non-uniform loading conditions are typically more resistant to local fibre
buckling. However, it should be noted that, as Fleck and Budiansky (1990) have pointed
out, once a microbuckle due to stress concentrations is developed the stress to promote
the buckled band is very small. The compressive capability of a structure can therefore be
reduced to a higher degree than expected from the properties of laboratory coupons.

Empirical equations predicting the compressive strength of CFRP from other mechanical
properties of the composite are presented by Sinclair and Chamis (1983). They proposed
that as an upper bound the compressive strength of the composite can be calculated from
the compressive strength of the fibre, which is taken as 90% of the fibre tensile strength.
The compressive strength for the composite is then :

S = 0.95, (2.2.2-40)
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where S 1s the tensile strength of the composite. As an estimate for the lower bound for
the compressive strength, they suggested equations including the flexural strength Sg or
the interlaminar short beam shear strength ;s of the composite and the matrix tensile
strength S; ;!

S, =
©T 3 sa (2.2.2-41)
Sr.m
and
Se = 1085 +2.55 (2.2.2-42)

Equations 2.2.2-41 and 2.2.2-42 were found to provide a reasonable estimate for a
variety of composite systems according to unpublished Lewis Research Center data
(Sinclair and Chamis, 1983). Also, Lee and Springer (1988), who examined the
influence of cure on mechanical properties of composites, found that Equation 2.2.2-39
applied reasonably well to the longitudinal compressive strength of the laminate
examined, as did Equation 2.2.2-15 without factor Vr (Tsai and Hahn, 1980) in their
investigation, when the term for initial fibre deflection was chosen to fit one case.

The failure mode of macrobuckling, an overall instability of the specimen, describes a
structural rather than a material property. Therefore, macrobuckling of the specimen
should be avoided during testing. Usually, the Euler buckling equations are used for an
estimate of the critical stresses. A correction of these equations for highly anisotropic
materials, including shear deformation in the differential equation of the deflected beam,
seems to be appropriate for unidirectional composites and is included in the current
ASTM D3410. Shear deflections should be taken into consideration, especially when the
specimen is relatively short (Timoshenko, 1961, Chou and Kelly, 1980). A detailed
investigation into the validity of classical buckling analysis will be carried out later in this
study (Chapter 11). It will therefore not be reviewed in detail here.

2.3 CONCLUSIONS

Test methods

The literature survey on compression methods for composites showed that short gauge
length specimens are used preferably for testing unidirectional material, and specimens
with a long, supported, gauge length are used for multidirectional laminates. Load
introduction is either by shear or by mixed shear/end loading.

Conlflicting assessment of test methods by different authors is found in the published
literature. Parameters influencing the test results are rarely identified and often not
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recognised. Published test data suggest that the influence of the individual researcher and
the individual rig might be greater than the influence of the test method itself. In other
words, if the specification of each test method could be carefully fulfilled, the difference
in test results gained with different test methods would be less significant. However, test
results from specimens with different slenderness ratios are to be compared with caution.

Ease of use of the rig and the cost of rig and specimen manufacture are important
criteria when choosing a test method. The IITRI fixture was found by most authors,
particularly from the USA, to be easy to use and the specimen is relatively simple. An
advantage of this method is that it is widely used, as well as Celanese-type methods
which seemed to be the most controversial ones.

Partially end-loaded specimens require great care in machining, but they are likely to
experience less stress concentrations due to load introduction. The Birmingham method
is interesting, because it uses an untabbed specimen and because mounting of the
sbecimen is very simple. Simplicity of the rig is the big advantage of the ASTM D695
method with a modified specimen.

The modulus of elasticity was found to be independent of the test method. Strain
gauges are recommended for strain recording rather than extensometers.

Strength prediction

Basically, two failure modes were identified for CFRP: fibre compressive failure and
fibre (microjbuckling. Highly orthotropic fibres such as high modulus carbon fibres
(PAN and pitch-based) and polymeric fibres (aramid, nylon) have a low compressive
strength due to their fibrilar morphology. Composites containing these fibres generally
fail by fibre compression fracture.

Most authors accept microbuckling failure of a kinking type as the principal failure
mode of modern high-strength CFRP. But the mechanisms of failure initiation are still
unclear. Therefore, a model predicting the compressive strength of unidirectional CFRP
from fundamental properties of the constituents of the composite is not yet available.
Models assuming local shear instability in an elastic medium overpredict the compressive
strength of fibre-reinforced polymers by a large margin. Taking into account initially
non-straight fibres and plasticity of the matrix or generally non-linear behaviour the
predictions become more realistic. The shortcoming of models including imperfections is
that the fibre misalignment is very difficult to quantify a priori, thus making a verification
of the model difficult. In addition, the shear stress-strain behaviour of the composite is
difficult to measure and requires considerable experimental effort. However, even
simplified models showed reasonable agreement with the experimental data.
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CHAPTER 3 BASICS OF MECHANICAL TESTING

In this section the main subsidiary topics of compression testing will be described starting
from the raw materials up to the analysis of the test data. This is to ensure repeatability of
the experimental process and to document experiences gathered during the project. In
particular, a simple procedure to produce test pieces of good quality is presented.
Apparently, the results of compression tests, and not only compression tests but all other
mechanical tests to a certain extent, can be affected by variations of all of the procedures
described below. A further discussion of factors influencing test results is presented in
Chapter 5.

3.1 Laminate Production

In general, laminates are produced from prepreg with a nominal thickness of 0.125 mm.
The prepreg 1s normally stored in freezers at temperatures of about -18°C. Before laying
up, the prepreg must be allowed to reach room temperature. Otherwise, condensate
might be trapped between the layers. During the lay-up process care is taken in aligning
each layer, which is fairly straightforward with unidirectional laminates. It is estimated
that a maximum difference in angle between any two layers of less than 0.25° can be
realised by careful laying up. This value of course depends on the quality of the prepreg
used, as the edge of the prepreg is used as reference datum. It is also important to avoid
any air entrapment between two layers of prepreg because this again might be the source
of voids in the cured laminate.

The laid-up laminate is then stored in a freezer until the autoclave is available for the
required curing process. A typical autoclave lay-up used in the present work is shown in
Figure 3.1-1. In the case of prepregs with excessive resin content additional bleed cloth,
usually one or several layers of glass cloth, are placed between the upper peel ply and the
release film. A cork dam around the lay-up serves to contain excess resin emerging from
the composite during curing.

Cured XAS/914C panels, typically of size 300x300 mm, are postcured in a
ventilated oven according to the supplier's specifications. Particularly for thin unidi-
rectional laminates, it was found to be necessary that the panels lie flat during the post
curing process, otherwise they would distort due to residual thermal stresses.

The edges of finished panels have to be removed as soon as possible as they are
very sharp and a potential risk of injury. For multidirectional laminates these edges are a
reference datum and should therefore be treated carefully.
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In the case of unidirectional laminates the fibre direction can be determined precisely by
splitting a thin slice of material from the edge using a sharp knife to initiate the crack.
This new edge is then used as datum. If for some reason the reference direction of a
multidirectional laminate is lost, peeling off the single layers of a sample piece can help.

Vacuum vent Vacuum bag

/ Air breather cloth /

‘Melinex’ ' e
Release Pressure plate Sealing
film tape
BN SOSS S OSNSSSEROSIN NN SN NS NY P
N D
Peel ply ' ]

Laminate
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Figure 3.1-1: A typical autoclave lay-up; exploded view, not to scale.

In order to ensure a consistent quality of the material to be tested, non-destructive checks
have to be carried out. In the present study a computerised ultrasonic C-scan technique is
usually used to examine the cured panels. For that purpose the laminates are placed in a
water tank and air bubbles carefully removed from the panel surface. After calibration of
the attenuation the laminate is scanned by a probe which emits an ultrasonic sound beam.
The distribution of the attenuation of the main reflected signal, which normally is the
reflection from the carrier of the panel, gives an indication of the density and therefore of
the quality of the panel. Delaminations and inclusions, and even cracks, can be
discovered reliably when the map of attenuation is printed on the screen. The screen map
or a printout can the be used to trace a fault on the original plate.

The next point to consider before the material is tested is moisture conditioning of
the material. As the moisture take-up is a very slow process, thorough planning ahead is
essential. In the present study mostly material in a dry condition is used for the tests. It
is therefore stored in a vacuum oven at approximately 45°C. Storage in a sealed container
with silica gel proved not to be feasible as the composite took up moisture.

The material is now ready for being tested and needs to be machined into test pieces

as required by the appropriate standard.
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3.2 Test Piece Preparation

Test Piece Fabrication

The precision of the test piece is vital for successful compression testing and a
prerequisite for meaningful test results. On the other hand the preparation of test pieces is
time consuming and therefore expensive, so that a reduction of the effort is highly
desirable. This is true in particular for tabbed test pieces as required for many mechanical
tests. A major objective of the present investigation is to keep specimen production and
the testing procedure as simple as possible. The process described below has proved to
be adequate to generate specimens of the required quality with reasonable effort. It is
divided into the following steps for tabbed test pieces:

1.  Determine the main fibre axis and cut the composite panel to the dimensions
required with appropriate allowance for machining after bonding. An allowance of
1 mm on each end has proved sufficient (Figure 3.2-1). The minimum width w and
the length & of the plate to be cut amount to:

w = nwi+t(n-1)c
h=1+2m

where r is the number of test pieces, w; is the test piece width, ¢ is the width of the
sawing slit and m is the machining allowance.

2.  Cut the end tab plates to size with the same allowance as for the composite panel
(see Figure 3.2-1). Woven glass fibre/epoxy which is commercially available in
large sheets of different thicknesses has proved to be well suited for tabbing
purposes. Using composite tabs rather than metal ones has the advantage that
specimen plates manufactured as described below can be cut without problems with
conventional diamond tipped saw-blades.

3.  Cover the gauge section and, if required, low bond strength area (see Chapter 5)
with adhesive cellulose tape. The bond surfaces have to be cleaned of remaining
traces of release agent with a suitable solvent, e.g. 1,1,1-Trichlorethane, before grit
blasting. This is in order to avoid contamination of the grit.

4.  Qrit blast the surfaces to be bonded; alumina grit of 0.003” diameter gave good
results. Clean surfaces of fine grit dust, preferably with water and let dry
thoroughly. Repeat cleaning with 1,1,1-Trichlorethane as the the grit may have
been contaminated.
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Figure 3.2-1: Machining of the composite panel and the end tab plates.

5.

Apply adhesive on all surfaces to be bonded. In the present investigation room
temperature setting Araldite 2001, a multi purpose two-pack epoxy paste, has been
used for all tabbing purposes.

Place the end tab plates onto the composite. It is important to ensure that no air
bubbles are trapped under the tab. Removing the bubbles by hand pressure
immediately after positioning the tab plates gives the best results.

Place appropriate silicone rubber shims according to Figure 3.2-2 in order to ensure
that the correct gauge length is maintained during the curing of the adhesive.
Symmetric shimming is essential in order to produce a symmetric test piece. Then
put the assembly onto a flat plate and adjust it as shown in the figure.

Put the set-up under a vacuum bag and allow the adhesive to cure. Loading with
weights led to unsatisfactory results. If vacuum is applied the bond line thickness
is fairly constant (around 0.1 mm) even without using spacers or filling particles in
the adhesive.
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9.  After curing remove excess adhésive, determine the reference edge (surface 'b' in
Figure 3.2-3), and trim the plate to the appropriate length /. This ensures that,
without further effort, the ends of the individual specimens (surface 'a’ in Figure
3.2-3) will later be square to the specimen axis. An accurately machined
rectangular steel plate is a simple and effective guide if the saw is not equipped with
a transverse carriage or if the carriage has too much play in order to give
satisfactory results.

Adhesive layer  Silicone rubber shim Double sided
End tab adhesive tape
Composite

/ /
- /
/

Flat ground plate Adjustable alignment block

Figure 3.2-2: Test piece plate assembly.

10. Cut individual test pieces to the desired width using a saw-blade of 600 grit or,
better, 800 grit, leaving an allowance for further grinding of the edges if required.

Surface 'c’

! L /F Surface ‘a'

Surface ‘D'
Figure 3.2-3: Final composite plate ready for cutting into individual test pieces.

11. Grind surfaces 'c' (Figure 3.2-3) manually on a flat surface with coarse emery
paper, e.g. aluminium oxide paper 80 grit. The flatness of these surfaces is
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important for the specimen alignment and can be improved significantly by this
simple process, provided only gentle pressure is applied. The flatness can be
checked easily and very effectively by stacking up the test pieces and looking at the
gap between them. Typical values r (see Figure 3.2-4) for the unevenness of the
tabs are up to 0.5 mm along the specimen length. Manual grinding can reduce the
value to less than 0.05 mm.

T &Tf
1 L

Figure 3.2-4: lllustration of the test piece surfaces to be ground flat.

The procedure for untabbed test pieces is simpler. The test piece is cut to the required
dimensions from the panel. Care clearly must be taken to ensure square ends if the
specimens are to be tested in compression, e.g. cross ply laminates (see Chapter 5).

A problem which can occur is furring of the edges during cutting when the surface
fibres are not parallel to the cutting direction. This can be avoided by using a support,
e.g. a glass/epoxy plate.

Measurement of the test piece dimensions

Some attention should be given to the measurement of the specimen dimensions as they
directly affect strength and stiffness results.

All measurements in the present investigations are carried out using a micrometer
with flat ends of approximately 6 mm in diameter. Width and thickness are determined to
0.01 mm.

The thickness of short compression specimens is usually measured as a mean value
across the width of the specimen at the centre of the gauge section. For long specimens
the mean thickness is either determined from several measurements along the length of the
specimen or, in the case of strain measurement with strain gauges, from measurements
across the width at the vicinity of the strain gauge.

Due to the nature of composite production the thickness of the panel can vary

depending on the peel plies used. The standard peel ply used in this study leaves a
pattern of approximately 0.02 to 0.04 mm roughness depth on the cured laminate. This
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pattern consists purely of resin absorbed by the peel ply resulting in a mirror image of the
fabric texture, and the surface fibres do not seem to be affected. Figure 3.2-5 illustrates
this fact and research at RAE (Curtis and Whitehead, 1990) confirms the finding.
Strictly, this resin layer should be removed before measuring the specimen thickness,
especially when the test results are compared with results gained using specimens with
machined gauge sections. Typical values for a standard test piece were found to be:

Average thickness as cured: 2.15 mm

Average thickness, surface resin slightly abraded: 2.09 mm

This is a difference of 2.8 % which should not be neglected. The measured surface
roughness for panels with a coarse peel ply is quoted as 13.1 um and 0.65 pm for smooth
film in the RAE report. In the present investigation, as strain gauges are used for strain
measurement in most cases, the surfaces are lightly abraded before strain gauge
application, thus correcting the thickness measurement. If no strain gauges are used and
the thickness of the composite as manufactured is measured, it is quoted separately in
each case.

An attempt to normalise fibre volume fraction and to avoid inclusion of the resin rich
areas on the surface is seen in the frequently practised method of using the nominal rather
than the actual thickness of the laminate.

Fibres

Figure 3.2-5: lllustration of composite surface roughness.

Application of strain gauges

As recommended by many standards, strain gauges are preferred for strain determination
in the test pieces in the present investigation. Strain gauges are usually connected to a
"Wheatstone bridge', a balanced circuit which enables one to record small changes of its
resistance members. The circuit shown in Figure 3.2-6 with three fixed resistors and one
variable one, i.e. a strain gauge, is called a 'quarter bridge'. A quarter bridge allows the
recording of the signal of an individual strain gauge. Bending effects during the test can
be assessed if the test coupon is provided with gauges on both faces. Any difference in
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the signals of these then indicates bending. Typically, strain gauges designed for mild
steel with a nominal resistance of 120 Q, a gauge factor & of about 2, and a gauge length
of 2mm are used. The short gauge length is not optimum for fibrous composites, but as
the gauge length of the standard compression test coupon is typically only 10 mm there is
no space for longer strain gauges. For reasons of comparison most of the other test
pieces, such as tension or four-point bend test coupons, are equipped with strain gauges
of a similar length.

Strain
gauge

o

Amplifier =— Al = Uske/4

(o}

Figure 3.2-6: Resistors and strain gauge arranged as a 'Quarter Wheatstone Bridge'.

Care has to be taken when applying the strain gauges to the test coupons. The following
procedure is used and yields satisfactory results in the present investigation.

Firstly, all traces of release agent have to be removed using a suitable solvent, e.g.
1,1,1-Trichlorethane. Then the area where the gauge is to be positioned is carefully
abraded with fine (800 grit) emery paper. The thickness of the coupon has to be
measured now and the area cleaned again. After that the strain gauge is placed on a strip
of transparent adhesive cellulose tape so that the adhesive can be applied onto the carrier
surface. Fast hardening Cyanoacrylate adhesive proved to be suitable for this purpose.
The adhesive tape now allows adjusting of the strain gauge in the desired position before
pressure with an appropriate stamp of soft rubber is applied for approximately 30 seconds
which is sufficient for the Cyanoacrylate adhesive to harden. Finally, the tape can be
peeled off.
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Alignment by eye is quite satisfactory for the small test sections of the compressive
coupons and can hardly be improved by grid lines. On wider test pieces, however, it is
advisable to mark the position of the strain gauge with fine grid lines, preferably omitting
the area where the gauge is actually bonded.

Adhesive tape

Figure 3.2-7: Illustration of the technique used to apply strain gauges.

In the present investigation strain gauges with wires already soldered on are used; no
further attention to the strain gauges is then necessary. Clips used to connect the strain
gauge leads to the bridge reduced the effort significantly compared to a soldered
connection. Care, however, has to be taken to ensure that the clips are in good condition
and the connection is properly made. Insulating the strain gauge wires with appropriate
silicon rubber sleeves prevents unwanted contacts with the conductive CFRP or with the
test rig.

3.3 Testing Equipment and Data Acquisition

The mechanical tests are carried out on a screw-driven ZWICK 1488 universal testing
machine with a load capacity of 200 kN. For compression tests stiff steel plates of
50 mm thickness with suitable holes for the compression or bending jigs are mounted
onto the crossheads. The machine can be controlled by a BBC Master computer and data
from the testing machine are recorded by the computer. In-house developed software
allows the recording of load and crosshead displacement as well as four additional
analogue channels, e.g. strain gauge amplifier output, through an analogue input port.
The data are acquired at a rate of between 2 and 3 sets of data per second and stored
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internally so that they can be saved on disk files when the test is completed. The software
includes some data processing utilities such as averaging, curve fitting and plotting
routines. In most cases, however, the data are transferred onto a Macintosh computer
where interactive data processing routines of high standard as well as compatible word
processors are available.

As mentioned before, strain gauges are employed for most strain measurements.
The strain gauge amplifiers were developed in-house and have a fixed gain setting of 500,
i.e. with a source voltage Ug=1V the amplification factor is about 500. In some tensile
tests the built-in extensometer on the Zwick machine is used for comparison.

The axial modulus of elasticity is usually calculated as the 0.25% secant modulus
from third order curve fits of the experimentally determined stress-strain curves.

3.4 Fractography

Fractography is essential for assessing failure modes of composites. Both light and
electron scanning microscopy are used to examine fracture surfaces of test pieces.

The samples for light microscopy are cast into fast hardening polyester resin. The
surface of the resin block which contains the composite surface is ground first on a rotary
grinder on watered silicon carbide paper of 240 grit or a similar roughness. In the next
step paper of 600 to 800 grit is used. The finishing polish is achieved by a synthetic
cloth-covered rotary plate with polishing fluid added. The time which is required to get a
desired finish depends on the type of matrix and on the orientation of the fibres on the
surface. ‘Over-polishing’ results in eroding the fracture surface and sediment of
polishing material is built up. This falsifies, for instance, the fibre diameters when
preparing 90° samples for assessing fibre volume fraction. Too little polishing,
obviously, leaves part of the fibre segments covered with resin.

The polished sample is then examined under a light microscope. The microscope
used has objectives with a range of magnifications and a camera is attached to it.

Scanning electron microscopy is used in some cases to analyse compressive fracture
surfaces in order verify certain failure modes. For this purpose the samples have to be
coated with a thin layer of gold which is done in a low vacuum Argon atmosphere. The
magnification used ranges from 50 to 10000.
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CHAPTER 4 PRELIMINARY
COMPRESSION EXPERIMENTS

The term ‘preliminary” has been chosen because the results presented are not intended to
be used as base line data. The idea behind the experiments was rather to verify some of
the findings in the literature, particularly the variation of ultimate compressive stress with
the test method used. The findings of these preliminary investigations should help to
understand the most important parameters regarding testing hardware and therefore help
to choose a test method for the main experiments. It was thought that a chronological
sequence of the investigations would account best for the problems encountered with
compression testing. Some of the test data have been produced in a mechanical testing
short course at Imperial College, others by the author himself. Since the tests during the
course were supervised, the data created are regarded as comparable. In Chapter 6
further comparative testing using XAS/914C will be described.

4.1 Comparative Compression Testing

The material used in the following investigations is the experimental grade high strength
intermediate modulus CFRP system, Fiberite HYE/1682AW. Specimens were
manufactured as described in Chapter 3, but rather than room temperature curing epoxy
paste a high temperature curing film adhesive was used for end tab bonding. The end
tabbing material was 0/90° glass fibre/epoxy in all cases. The test methods used were
CRAG, IITRI, modified ASTM D695 and the Birmingham method to represent load
introduction by shear as well as mixed shear/end-loading (compare Figures P-2 and P-3).
In addition, specimens designed for one jig were tested in other jigs in order to allow an
assessment of the influence of load introduction. Details of the Birmingham fixture can
be taken from Barker and Balasundaram (1987). The CRAG recommended loading
fixture is a modified Celanese jig which has been described in Chapter 2. Test piece
dimensions are summarised in the Figure F-1 in the sections CRAG-1, IITRI, ASTM-1.
The dimensions of the test piece for the Birmingham rig are given in Figure 4.1-1.

Note that the modified ASTM D695 test piece had a nominal laminate thickness of
2 mm since only a 16-ply laminate was available. These are the same dimensions as in
the investigation by Woolstencroft et al. (1981), whereas SACMA recommends the use
of a 1| mm laminate and unidirectional CFRP tabs.

Most of the specimens were manufactured for a testing short course at the Centre for
Composite Materials. The thickness of the 16-ply unidirectional laminates varied between
2.05 and 2.25 mm, although they were moulded to a nominal thickness of 2 mm. In
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order to correct the consequent variation of fibre volume fraction a nominal laminate
thickness of 2 mm was assumed. This was thought to normalise fibre volume fraction to
60%.

40 11.5

(a) ]

Nominal thickness: 2 mm
Nominal width: 10 mm R 50

(b)

90

Figure 4.1-1: Dimensions of test pieces tested in the Birmingham fixture;
(a) waisted, (b) plain specimen.

The results of the compression test are given in Table 4.1-1 and 4.1-2 and the test
conditions are explained below.

Test N Compressive Strength [MPa] On-1 Cy
Method Mean Min Max [MPa] [%]
CRAG 21 1068 752 1285 119 11.1
ASTM D695 a 24 1460 1102 1665 127 8.7
ASTM D695 b 15 1457 1236 1665 113 7.8
ASTM D695 ¢ 8 1431 1313 1489 59 4.1
ASTM D695 d 8 1517 1411 1680 83 5.4
OTRIa 10 1006 825 1202 110 10.9
ITRI b 6 1238 1207 1291 35 2.8
ITAS 4 1373 1323 1428 44 3.2
CRAS 4 1298 1212 1357 63 4.9
Bla 7 954 906 1047 68 7.2

BIb 5 1096 1080 1159 36 33
BIWA 4 1033 966 1095 69 6.7

Table 4.1-1: Results for the compressive strength of HYE/1682AW using different
test methods.
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Test N Compressive Modulus [GPa] Op-1 Cy
Method Mean Min Max [GPa] [%]
CRAG 21 133 120 147 8.8 6.6
ASTM D695 a 22 132 121 145 5.9 4.6
ASTM D695 ¢ 6 131 123 138 5.5 4.3
ASTM D695 d 8 131 127 137 3.7 2.9
IITRI a, b 13 130 128 132 1.1 0.9

Table 4.1-2: Results for the compressive axial modulus of elasticity of HYE/1682AW
using different test methods.

The abbreviations used in the tables are:

ASTM D695
a:  all specimens of testing course, speciméns cut on a diamond saw.
b:  specimens of testing course, end failures excluded.
c:  specimens HA1-HAS; specimens same as ‘a’ but surfaces of end tabs
(surface ‘c’ in Figure 3.2-3) manually ground; one operator.
d:  specimens HA9-HA 16, surfaces of end tabs and test piece ends machined
flat and paraliel on a milling machine; one operator.

IITRI

a:  normal gripping of the specimen; gauge length, therefore, is 12.5 mm; one
operator.

b:  end tab tips emerge approximately 2.5 mm from wedge grips resulting in
an unsupported length of about 18 mm; one operator (see Figure 4.1-2).

~2.5 mm

Grip

A AR5 5 e e A K A ) CFRP

Figure 4.1-2: Modified gripping of the test piece using the IITRI method.

o

ITAS: IITRI specimen tested in ASTM D695 support jig; only failures within
gauge section of the specimen regarded as valid; end failures excluded.
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CRAS: CRAG specimen tested in ASTM D695 support jig; specimen gauge
sections were slightly damaged by excessive grit blasting, which could
result in lower compressive strength.

BI
a  flat unwaisted specimen (Figure 4.1-1(b)) tested in Birmingham rig; both
clamping bolts tightened with a torque of 15 Nm.
b:  as ‘a’ but bolt near specimen end: 15 Nm; bolt at gauge section: 5 Nm.
BIWA: waisted specimen (Figure 4.1-1(a)) tested in the Birmingham rig;

compressive strength calculated from real cross-sectional area; therefore
no normalising to 60% fibre volume fraction.

4.2 Failure Modes

Failure of unidirectional CFRP was catastrophic in all cases. This led to destruction of
the fracture surfaces, the more so since in displacement controlled experiments on a screw
driven machine there is no possibility to release the load acting on the specimen after
fracture. Even on stiff load-controlled hydraulic systems, the chance of arresting failures
is very small due to the elastic energy stored in the test pieces just before failure.

When failure occurred in the centre gauge section the test piece was partitioned into
two pieces with fracture surfaces inclined at a typical angles of between 15° and 25° in
either the width or thickness direction. End failures as described below offered the
opportunity to examine arrested failures. There it was found that failure of the composite
was due to microbuckling of the fibres forming a kink band, which is in agreement with
most publications. Figure P-4 shows several cases where a complete band of buckled or
kinked fibres was preserved. Since the characteristic kink band angle is similar to the
fracture surface angle of test piece fragments, though usually slightly larger, there is little
reason to doubt that failure in general is by microbuckling and kinking of fibres. In
almost all cases kink bands started at locations of stress concentration due to load
introduction, i.e. at the end of end tabs where the specimen emerges from the clamps or at
the loaded specimen end.

The fracture surfaces usually exhibited some longitudinal splitting and interlaminar
cracking, a fact which is attributed to post-failure damage rather than being a failure
cause. At low failure stresses the surfaces were smoother with less splitting. Some
observations to strengthen the assumption of the splitting being post failure damage will
be presented in the following chapter. Figure 4.2-1 summarises the basic failure modes
found in the CFRP composite examined.
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Figure 4.2-1: Main compressive failure modes of unidirectional CFRP.

part from the basic failure modes which are considered to be typical for CFRP, there are
certain hardware-induced failure modes which have to be regarded as invalid in certain
cases. In general, the most typical failure modes of the individual test methods are:

ASTM D695, modified specimen
Specimens fail by kinking of fibres across the width (compare Figure P-5(a)) as
well as across the thickness of the gauge section.
Invalid
Three different invalid failure modes have been identified (Figure 4.2-2):
1. Kink bands under the end tab
2.  Shear failure of the specimen end
3. Complete debonding of the end tabs, partly with delamination of CFRP
surface layers (compare Figure P-5(b)).
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Figure 4.2-2: Typical invalid failures of the modified ASTM D695 test piece.

CRAGIIITRI
Kinks across the width as well as kinks across the thickness are observed, the latter
ones more frequently. Kink bands often propagate underneath the tab rather than
into the free gauge section. In many cases both occur simultaneously apparently
initiated at the same location, or possibly one causing the other.

Invalid
Fracture initiated underneath tab.

Invatid valid

Figure 4.2-3: Typical test piece failures CRAG/IITRI.
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Birmingham method

Flat unwaisted specimens fail in the two main modes where the specimen emerges

out of the end block (see ASTM D695), if the force transmitted by shear is high
enough.

The waisted specimens usually fail in the centre of the waist by fibre kinking
across the width. In some cases failure was preceded by a crackling sound. This
was caused by delaminations as illustrated in Figure 4.2-4, although the specimen
is designed to avoid interlaminar shear failure (Equation 2.1.2-1). The test piece
then fractured where it emerges from the grips.

Invalid

Both specimen types fail prematurely at the end as illustrated in Figure 4.2-5 when
the clamping force is below a critical value. The angle of kinks in the restrained
region is often greatér than in the non-restrained region.

— \ — - Figure 4.2-4: Delaminations and con-
Delaminations sequent compressive failure
in the Birmingham (RAE-
type) test piece.
R G O L T
Clamping ) §
block N
\
Compressive failure
invalid

valid

T R e

Figure 4.2-5: Compressive failure modes of the Birmingham method specimen.
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4.3 Discussion of Test Results and Conclusions

The easiest method to use was the modified ASTM jig where mounting the specimen and
the jig 1s very simple. A further advantage of the rig is that it is very smail and light. The
Birmingham method also proved to be user-friendly. The massive construction of the
IITRI rig, which weighs about 250 N, made testing a tiring exercise. Adjusting the
shims of the CRAG jaws to the specimen thickness was cumbersome, and often the test
piece slipped and the test had to be restarted.

As expected, significant variation of strength results, and little variation of modulus
of elasticity results, were recorded when using different compression test methods. The
dominant fact is that ASTM results are considerably higher than the results of the other
methods.

The relatively low values that CRAG and IITRI methods yielded are attributed to
stress concentrations which seem to be more severe in the indirect compression test
methods. Load introduction always causes stress concentrations, particularly at the
vicinity of sudden stiffness changes, such as the ends of tabs and grip edges. The
objective of a test method should be that those stress concentrations are at least smaller
than any material-inherent stress concentration at voids, curved fibres, and so on. Load
introduction by shear leads to higher normal and shear stresses in the surface layers than
in the centre, as shown by various finite element investigations (see Chapter 5). If the
shear action is by friction the accompanying transverse (through-thickness) compression
causes further stress concentrations by curving the outer fibres what may act as a kink
initiator. In that way transverse compressive stresses may cause premature failure even if
an additional compressive stress may lower the tendency of fibre microbuckling by
reducing tensional interface stresses, as pointed out by Woolstencroft (1981).

This supposition is supported by two facts. Firstly, IITRI and CRAG specimens
tested in the ASTM anti-buckling guide achieved reasonably higher results than when
tested in the original fixtures. Secondly, ITTRI specimens with tabs sticking out from the
grips yielded consistently about 20 % higher results than the ones with the tab edges flush
to the grips, despite the gauge length being increased by almost 50%.

The modified ASTM D695 method yielded the highest strength results, which is thought
to be due to the following factors:

1. Low transverse loading of the specimen. The transverse deformation can be
considered as very small thus causing low through-thickness stresses. This can be
checked by sliding the guide, which was possible even at high loads on the
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specimen. The stress-strain diagram also does net show evidence of friction
between specimen and jig, which would lead to apparently higher strength results.

2. Load introduction at the ends. The end tabs introduce a portion of the load by shear
to the specimen, similar to the RAE method where a portion of the load is
transmitted by the bond. This method of load introduction seems to generate
smaller stress concentrations, provided that the tab stiffness is appropriate.

3.  No jig-induced bending of the specimen.

4. The short gauge length possibly generates a non-uniform stress field suppressing
certain failure modes.

The biggest problem arising with this method was the failure of the specimen end, or
debonding or delamination of the end tab. Further investigations into improvement of the
end tabbing material and geometry seem reasonable, considering the superior results
gained with this method.

The Birmingham method led to similar results to the indirect methods (e.g. CRAG,
IITRI). Unwaisted untabbed specimens gave strength values of about 1000 MPa.
Reducing the clamping stress where the specimen emerges from the end block raises this
value by about 10% with the specimen now failing at the end. Experiments with different
specimen widths and sandwiching the test pieces between aluminium sheets of different
thickness did not improve the results significantly.

Surprisingly, waisted specimens gave similar results to the unwaisted ones. Due to
the better specimen design one would have expected higher strength values. The reason
for that is most likely buckling of the test piece plus the fact that the slot into which the
specimen is fitted was not flat, which might have caused additional stresses. Buckling
could not be verified as no strain gauges were applied. The gauge lengths of the
specimens, however, were found to be between 13 and 14 mm rather than the specified
11.5 mm, adding some weight to the argument. A first step to further examination of this
method will be the redesign of the given fixture as described in the next chapter. Another
improvement is to be expected by increasing the accuracy of machining the waist into the
test piece.

The results of these preliminary tests make a combination of a Birmingham-type
loading rig and a tabbed specimen look promising. It was therefore decided to look
closely into this option. At a later stage this proposal will be qualified against the
standard test methods.
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CHAPTER 5 DEVELOPMENT OF A MODIFIED
COMPRESSION TEST METHOD

Following the findings of the previous chapter an attempt has been made to devise a test
procedure which combines the advantages of the test methods examined and avoids their
shortcomings. A major objective was to keep the rig and the specimen as simple as
possible. Carrying out the test should be simple without sacrificing repeatability and
reproducibility of the test results. These two terms can be used to characterise a test
method and can be distinguished in the following way:

Repeatability Reproducibility
same method same method
identical material identical material
same lab different lab

same equipment different equipment
same operator different operator
different sessions different sessions

As the main parameters influencing compression test results the following are suggested:

Test method 1. Method of load introduction
2. Geometry of the test piece
3. Mechanical properties of tabbing

Laboratoryl/operator 4. Method of laminate and specimen production
5. Condition of testing hardware

Operator 6. Care taken in performing the test
7. Assessment of results

The first point, test method, is discussed in the current chapter. The method of laminate
and specimen production has been addressed in Chapter 3 and the need for
standardisation has been stressed. The condition of testing hardware, e.g. parallelism of
loading surfaces or the calibration of the load cell, can obviously influence results and can
be regarded as being part of the ‘operator influence’. The ‘operator influence’, naturally,
is not easy to define and often held responsible for a number of effects. In particular, the
assessment and interpretation of failure modes and test results is important in this context
and dependent on the experience of the tester. For example, partial loading of the rig will
produce misleading results unless the stress-strain curves are examined critically. The
aim of a test method should be to keep the possible influence of the operator as small as
possible. The following Figure 5-1 tries to summarise the effects in compression testing
and 1s thought to be a check list for potential testers.
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Test Method Test Piece Preparation
Method of load introduction Method of laminate production
- Shear - Prepreg lay-up procedure
- Mixed end/shear - Curing cycle
- (End) - Curing device

(Pressclave, autoclave,
Test piece geometry

heated press)
- Width
- Unsupported length Method of specimen production
- Thickness - Bond surface preparation

- Tabbing adhesive properties
Tabbing material

> - Symmetry of tabbing
- Aluminium - Alignment when machining
- Steel - Specimen surface finish
- GRP
- CFRP

Equipment Operator Influence

Calibration Measurement of test
- Load cell piece dimensions

- Micrometer, vemnier, etc.
- Transducer, etc.

- Removal of resin pimples

- Strain gauges
A Care taken in carrying out
ccuracy . ‘ the test
- Parallelism of testing machine - Checking of alignment
surfaces

- ‘Zero-load’ at test start
- Alignment of compression rig

Analysis of test data

- Assessment of failure modes

- Classification of valid/non valid
failures

- Check of unlikely results

- Method of modulus determination

Table 5-1: Factors influencing the results of compression tests
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5.1 Test Fixture Design

The proposed new method, referred to as the ICSTM (Imperial College of Science,
Technology and Medicine) method in the following, uses a specimen configuration
similar to the modified ASTM D695 specimen; this is a tabbed specimen which is loaded
purely on the ends. A portion of the load is therefore transmitted by shear via the end
tabs, thus lowering the average stresses at the end of the test piece.

The loading fixture is similar to the one developed at Birmingham University by
Barker and Balasundaram (1987) with some significant design changes, as described
below. The fixture consists of two end blocks which accommodate the specimen end and
prevent debonding of the tabs from the specimen end, shear failure of the end or
compression failure under the tab, which are all the problems encountered with the ASTM
method. The blocks rest on hardened and ground steel plates, a measure which is
necessary in order to avoid indentations of the loading surfaces. One has to bedr in mind
that compressive stresses of up to 2 GPa can be realised in CFRP coupons. As can be
seen from Figure 5.1-1, where an exploded view of the fixture is shown, the important
parts are very simple. They can easily be machined flat and parallel on conventional
milling machines and grinders. Great accuracy can therefore be achieved with little effort.
Remachining of the surfaces, if necessary due to wear and tear, again, is straightforward
and does not require specialist attention.

The high precision die set is commercially available and can be used for other test
methods, where parallel loading surfaces are required, thus further reducing the costs.
The lower block is not attached to the lower plate of the die set in order to keep the risk of
additional constraints during testing, e.g. bending of the test piece due to misalignment of
the upper and lower block, as small as possible.

One of the design changes with regard to the Birmingham fixture is that the hardened
loading plate is bolted to the floating end block. This was found to improve the quality of
alignment significantly as great care in setting up the test was needed in order to ensure
that the specimen did not protrude from the block when the end block was open. This, in
turn, would allow rocking of the block introducing bending. Another important design
change is that surface A-A in Figure 5.1-2 is flat rather than provided with the slot to
accommodate the specimen as in the Birmingham design.

An advantage of the fixture is that a variety of test pieces can be accommodated as
shown later in the section about specimen design. It was mentioned before that Barker
and Balasundaram (1987) tested untabbed, waisted, specimens referred to as the
‘Birmingham method’. There the clamping bolts have the task of providing a certain



Chapter 5 Development of a Modified Compression Test Method Q2

amount of frictional loading of the test piece. The proposed method relies on the shear
load being mainly transferred through the end tabs in order to avoid high transverse
stresses. These stresses are believed to cause additional curvature of fibres in layers near
to the surface thus encouraging premature failure. This 1s not surprising as all transverse
deformation of the test piece must be translated into surface deformation which in turn
leads to short wave fibre deflection. It is suggested that, even when the tab is tapered or
when the grips do not cover the whole tab, this effect causes premature failure.
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Figure 5.1-1: ICSTM compression test fixture,; exploded view.
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Figure 5.1-2: End blocks of Birmingham and ICSTM rig, respectively.
Figure 5.1-3 illustrates the effect of transverse stresses on surface layers. The

micrograph in Figure P-6 shows a small section of a compression test piece including the

tab-gauge length region compressed transversely in one of the end blocks described

above. Although the stresses acting are difficult to determine - at least one can state that

they are well below transverse failure stress -, the micrograph clearly shows the effect of

these stresses. Fibre bundles close to the specimen surface are curved, and transverse

stresses reach quite significant levels, as shown by the FE analysis (Section 5.2.1), with

indirect compression test methods. Figure P-7 shows a micrograph of compressive
failure in a unidirectional CFRP test piece (CRAG) initiated at the tab tip.

unloaded

transversely loaded

Figure 5.1-3: lllustration of the effect of through-thickness stresses on surface fibres.

From the above it is clear that the test piece ideally should not be clamped tightly but
rather kept in position only with as little transverse pressure as possible. Testing

experience, however, showed that a certain amount of clamping force, i.e. a certain
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torque on the clamping bolts, is necessary to obtain consistent and satisfactory results as
pointed out in Section 5.3.

The optional side restraint shown in Figure 5.1-1 proved to be only of limited use in
practice. Originally it was designed as an aid for reliably adjusting test pieces with
smaller than nominal width. It was found that this could easily be done without the
support. The other intention was to create a hydrostatic pressure in the ends of untabbed
waisted test pieces in order to avoid end failures. A series of tests using the device,
however, showed that the additional in-plane pressure hardly influenced failure.

As illustrated in Figure 5.1-4, the mounting of the rig in the testing machine is done
in an 'upside down' fashion. Two bolts attach the upper part of the rig to the upper
crosshead of the testing machine. The lower parallel plate of the die set is equipped with
a round ended loading pin which contacts the lower crosshead on a hardened steel plate.
This steel plate is mounted so that it can rotate and act as a quick release of the rig
reducing the time of changing the specimen.

Testing machine upper crosshead

Lo L Ll
Clamping
SCrews O
O
i B -
O
O
Clearance for . L_oading
bush bearings ) pn Hardened loading piate

Testing machine lower crosshead

Figure 5.1-4: Mounting of the compression rig in the testing machine.
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The arrangement guarantees that the weight of the rig is taken off the specimen during the
test and that the load is introduced centraily into the test rig. In addition, mounting of the
complete rig is extremely simple and requires very little time.

A further time saving issue is that removing the broken test piece is generally very
simple: if fracture occurs in the gauge section the lower block is removed and after
untightening the clamping bolts both the broken ends can be removed from the end
blocks. The situation is complicated by end failures which can make it necessary to
demount the rig and disassemble the block. However, with appropriate specimen design
this should be a rare case. Figure P-8 and P-9 show the proposed fixture disassembled
and mounted in the testing machine, respectively.

5.2 Specimen design

Compression test pieces should fulfil two requirements: firstly to provide a uniform one-
dimensional stress field and secondly to promote a compressive failure of the material
rather than macroinstability of the specimen. In other words, the test piece should be
long enough for any stress concentrations to decline, and, on the other hand, it should be
short enough to avoid buckling. Unfortunately, these requirements are conflicting, given
the material properties and standard dimensions of unidirectional CFRP test pieces. High
strength and relatively low elastic and shear moduli lead to both long decay lengths as
well as low critical slenderness ratios, i.€. the maximum slenderness ratio of a strut where
compressive failure occurs before buckling failure. Derived from the basic Euler
equations (Chapter 10) the critical slenderness ratio for a column can be expressed as:

=
$or = Jt\/;— (5.2-1)
Op

where E denotes the bending modulus of elasticity, C the clamping condition and o, the
proportional limit of the compressive stress or yield stress, which equals the ultimate
compressive stress for composites. For mild steel (o, = 200 MPa, E =210 GPa) and a
typical aluminium alloy (o, =250 MPa, E= 70 GPa) the critical slenderness ratios are
about 200 and 100, which for a 2 mm thick test piece with clamped ends (C= 4) would
correspond to critical unsupported lengths (Equation 10.2.2-2) of approximately 120 mm
and 60 mm, respectively. For CFRP (g, = 1600 MPa, E = 120 GPa) the critical
unsupported length is calculated as only 30 mm. In Chapter 10 it will be shown that
including nonlinear material properties lowers the predicted value significantly.
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As indicated in Chapter 2, attempts to find an optimum specimen configuration have been
numerous, with questionable success, as the variety of published data would suggest.
The main factors determining the stress distribution in a compressive test piece, and
therefore the measured strength, have been identified earlier in this chapter. As far as the
test piece is concerned, these are:

Test piece geometry

Properties of the tabbing material
Bond characteristics

Factors of specimen production.

Each of the factors listed are thought to influence the test result independently. A
parametric study regarding these factors was therefore carried out using the proposed test
rig. In addition, a finite element study considering some of the parameters was
performed in order to aid the experimental programme. The test piece regarded as a
preliminary standard in the experiments and the FE analysis is shown in Figure 5.2-1.
Apart from the tab length, the dimensions of the CRAG compression test piece for
unidirectional composites are accepted. The geometric dimensions varied in the
investigations are underlined.

Tabs 0/30°woven glass fibre/epoxy

40 10
~ (90)

Figure 5.2-1: Preliminary standard compression test piece for the ICSTM method.
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5.2.1 Finite Element Investigations

A finite element analysis was carried out in order to gain some information on the stress
distribution in an end-loaded coupon specimen for various specimen configurations. The
first approach was to examine a modified D695 specimen with CFRP tabs as this is
supposed to be the 'worst case' regarding stress concentrations. The finite element
package used was “FINEL”, an in-house program developed in collaboration with
BABCOCK, plc. The test pieces were idealised using isoparametric 3-dimensional
20-noded elements. The mesh used is shown in Figure 5.2.1-1 (here, the tab bond layer
is not modelled). Because of symmetry only one eighth of the specimen had to be
examined, using appropriate boundary conditions. The load was introduced by
displacement of the end, suppressing z-displacements in the tabbed region in order to
model the constraint by the end blocks.

Figure 5.2.1-1: Finite element mesh of an end-loaded compression test piece with
5mm gauge length.

The finite element code allowed only a linear analysis. It was found that a nonlinear
analysis including plasticity of the adhesive layer was necessary in order to obtain
quantitatively meaningful results. Regarding the importance of tab tip debonding (see
Section 5.2.4) the information gained from this simple linear finite element analysis is of
limited use. The main problem in the model of the test piece is the geometric singularity
the tab end presents. Numerical results will depend on the mesh size used and on the
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algorithm to average stresses. It is believed that 'quarter point' elements as used in
fracture mechanic problems would be more suitable than the elements available in the

package. Nevertheless, some interesting observations can be made from the simple
analysis.

Figure 5.2.1-2 shows (scaled) deformations of an end-loaded compression test
piece. Constraint of transverse deformation in the tabbed area is visible; also note the

rotational deformation of the tab tip.
] z
SRILE X
Y
X

|
-

Figure 5.2.1-2: Deformation of an end-loaded compression test piece.

Figure 5.2.1-3 shows surface stresses in a plane perpendicular to the laminate plane (xz-
plane). It clearly demonstrates that severe stress concentrations exist at the tab tip region
for both xz-shear stresses (oy;) as well as longitudinal stresses (oxr ). In a later
investigation (Kukula, 1989) it was shown that these stress concentrations are of the
same order of magnitude in a standard ICSTM test piece and an IITRI specimen. As
mentioned above, the exact numerical results are too dependent on the modelling to be
compared directly, but a qualitative comparison is still reasonable.

Several facts are remarkable about the stress plots. Firstly, most of the stress
concentrations at the tab tip decline after about one and a half specimen thicknesses into
the gauge section of the test piece. Secondly, stresses are constant over the first two
thirds of the tab length. This would indicate that much shorter test pieces could be used.
However, the load in the finite element model is introduced uniformly, whereas in
practice small imperfections of the ends lead to non-uniform stresses in the tabbed region.
End tabs longer than suggested as necessary from the calculations are therefore beneficial
for a more uniform stress distribution in the gauge section.

Stress concentrations decline quickly in the gauge section, but there is a
comparatively long region of considerable shear stresses under the tab towards the
specimen end. The peak shear stress is about 25% of the average longitudinal stress in
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the specimen centre plane, which shows that plasticity and fracture mechanics have to be
incorporated to obtain realistic stress fields. The results indicate that interlaminar cracking
at the tab tip is likely given typical values of around 0.05 for the ratio of shear-to-
compressive strength of a unidirectional laminate. Note that in the example above the
adhesive layer is not modelled, the specimen therefore represents a test piece where the
gauge section 1s machined into the laminate (see Section 5.2.3). Including the adhesive
layer (linear properties) changes these results only slightly (Kukula, 1989).
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Figure 5.2.1-3: Surface stresses in an end-loaded compression specimen from finite
element analysis, plane perpendicular to laminare plane.

Stresses scanned through-thickness in a plane perpendicular to the laminate plane are
shown in Figure 5.2.1-4. It illustrates that in the thickness direction stress peaks caused
by the tab tips decline quickly near the surface, but there is a gradient across the whole
cross-section. This fact would support the finding that test pieces with smaller
thicknesses yield higher strengths in compression since the ratio of average stress and
peak stress is greater (Westberg and Abdallah, 1987, and Table 5.2.1-1, below). 1t
would also imply that surface layers less prone to catastrophic compressive failure could
buffer stress concentrations, thus increasing the measured compressive strength. This
will be discussed later when analysing multidirectional laminates.
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Figure 5.2.1-4: Stresses scanned through-thickness in an end-loaded compression
specimen from finite element analysis, plane perpendicular to laminate
plane.

Figure 5.2.1-5, finally, shows that stresses in the centre of the gauge section (here,
5 mm) are fairly uniform so that a uniform stress field can be expected from a test piece
with 10 mm gauge length. This is confirmed by Kukula's investigation, which shows
that in an ICSTM test piece with 0/90° glass fibre/epoxy tabs the variation of longitudinal
stress in the centre symmetry plane perpendicular to the laminate plane is less than 2%.

In Table 5.2.1-1 some of the results of the finite element investigation are listed. As
reported by Westberg and Abdallah (1987), stiffer end tabs result in higher stress
concentrations, the lowest value being calculated for the GRP tabs. The stiffness of the
tab is determined by the longitudinal modulus of elasticity, the thickness of the tab and the
shear stiffness, which is high for metals. As pointed out earlier, no yield effects could be
considered here, but yielding of the tab itself could play a role in practice, for example
when using 'soft' aluminium tabs. Stress concentration factors are smaller for thinner
laminates, but higher for shorter gauge lengths. So the need to compromise to avoid
macroinstability might invalidate the advantage over the standard test piece.
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Figure 5.2.1-5: Stresses in the centre symmetry plane in an end-loaded compression
specimen from finite element analysis, plane perpendicular to laminate

plane.
End tab material 0/90° GRP (standard)
UD CFRP +11 %
Aluminium +12 %
Steel +27 %
LLaminate Thickness 2.0 mm (standard)
1.5 mm -5%
1.0 mm -13 %
Specimen gauge length 10 mm (standard)
7.5 mm +7 %
5.0 mm +10 %

Table 5.2.1-1: Influence of some parameters on longitudinal stress concentrations
factors; results of a finite element study (Kukula, 1989).
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5.2.2 Experimental Parameter Study of Test Piece Geometry

The most important geometric parameter in compression testing is the slenderness ratio of
the test piece. In the tests carried out the standard nominal specimen thickness was
2 mm, and the unsupported length ranged between 5 and 50 mm. In order to assess
laminate thickness effects laminates with 12 and 8 plies, equivalent to 1.5 and 1.0 mm
nominal laminate thickness were also included in the investigation. Finally, the specimen
width parameter was examined by testing S mm wide coupons.

Gauge length Nominal thickness | Slendernessratio Abbreviation
[mm] [mm]
S 2 8.7 G5
7.5 2 13.0 G7
10 2 17.3 G10
12.5 2 21.7 5 G12
15 2 26.0 GI5
20 2 34.6 G20
30 2 52.0 G30
50 2 86.6 G50
7.5 1 26.0 ; T8 |
10 1 23.1 T12

Table 5.2.2-1: Test piece dimensions of slenderness ratio parameter study.

In-plane Poisson’s deformation was measured in some cases, using strain gauges applied
axially and in the width direction. This was thought to provide information about the
uniformity of the stress field and effects of end constraints. The Poisson’s ratio was
determined as the slope of the best fitting line between 0 and 0.5% axial strain in a
transverse versus axial strain plot. Since the transverse versus axial strain curves were
almost perfectly linear in this range, this method should yield the same result as the
0.25% strain ratio. The advantage of using the linear slopes is that ‘noise’ and other
irregularities in the signals are levelled out. The results of this test series are given in
Tables T-1 to T-10 and presented in Figures 5.2.2-1 and 5.2.2-2 below.

Figure 5.2.2-1 shows the effect of unsupported length on the in-plane deformation
in the centre of the gauge length. It suggests that for a 2 mm thick laminate the minimum
gauge length offering an unconstrained section in the centre is about 10 mm, considering
that the gauge length of the strain gauge used is 2 mm. Shorter test pieces experience in-
plane constraint, as implied by the lower Poisson’s ratio. The plateau value, i.e. the in-
plane Poisson’s ratio of the unconstrained laminate, is about 0.34.

Figure 5.2.2-2, where the ultimate compressive stress versus slenderness ratio is
shown, indicates a drop in UCS for slenderness ratios above 20. Regarding the 16-ply
laminates, indeed, a buckling type of failure is suggested from the stress-strain diagrams
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for gauge lengths of 12.5 mm and above. Remarkably, even 10 mm gauge length
specimens failed in a macroinstability mode in three cases out of six (compare Figure
F-3). No sign of macroinstability is observed for gauge lengths of 5 and 7.5 mm (Figure
F-2). Some typical stress-strain curves are shown in Figure 5.2.2-3.
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Figure 5.2.2-1: Poisson’s ratio of XAS/914C from compression tests versus un-
supported length of the test piece; \bp ey |
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Figure 5.2.2-2 Test results for the compressive strength of XAS/914C versus
specimen slenderness ratio. Error bars indicate standard deviation.
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Figure 5.2.2-3: Typical compressive stress-strain curves suggesting macroscopic
instability of the test pieces in some cases.

These test results already illustrate the dilemma of compression testing: there is a trade-off
between the different requirements. A compression coupon test piece is always a
compromise. Changing a geometric factor can have opposite effects on the conflicting
properties: e.g. increasing the test piece thickness will increase the resistance to buckling
but at the same time stress concentrations are likely to be higher.

Some interesting observations can be made regarding failure of the specimens.
Close examination of the fractured test pieces reveals a transition from a pure interlaminar
shear failure through a combined interlaminar shear and compression failure to a pure
compression failure due to the amount of lateral deflection the test pieces experience.
‘Pure’ compression failure, as opposed to interlaminar shear failure, will be a subject of
discussion in Chapter 11, and the influence of shear stresses will be investigated. In
Figure 5.2.2-4 the test piece failures observed are illustrated. Photographs of some
typical fractured test pieces are shown in Figure P-11.
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Gauge Length Failure Mode
[mm]

Interlaminar shear failure which leads to collapse of the test piece due

50 to reduced bending stiffness.
Extensive interlaminar splitting; compression kinké between centre
and tab tips delimited by delaminations.

30

Compressive failure

Interlaminar cracking; ‘forked’ compression kinks near quarter span
of gauge length in some cases.

20

15 As 20 mm; three failures at end tabs with little interlaminar splitting
and three failures near quarter span.
Compressive failure (kink-banding) initiated near tab tips; ‘Quarter

12.5 point failure’ in one case.
Compressive failure (kink-banding) initiated at tab tips and crushing
of the fracture surfaces.

10 o

Crushing of
the end
75 Compressive failure (kink-banding) initiated at tab tips and crushing
) of the fracture surfaces. Kink bands across width and thickness.

5 Compressive failure (kink-banding) initiated at tab tips and crushing

of the fracture surfaces. Kink bands across width and thickness.

Figure 5.2.2-4: Variation of compressive failure mode with slenderness ratio of test
piece using the ICSTM method, 16-ply laminates.
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Obviously, it i1s very difficult to find the true sequence of the failure process, since, as
mentioned before, most damage is done to the test piece after failure has initiated.

Only two 30 mm and 50 mm gauge length specimens have been tested, which
seemed to be sufficient for determination of the buckling stress as scatter is extremely low
in these cases (the scatter bars are not visible in Figure 5.2.2-2).

The 50 mm test pieces were used for repeated loading (Figure F-6). The ultimate
stress was determined from the peak of the stress-strain curve when the specimen
buckled. Both specimens failed by interlaminar splitting presumable when a certain
centre deformation was exceeded. Test piece #1 was loaded five times and finally
fractured. Fracture occurred at the tab edge as a consequence of the reduced stiffness of
the test piece. The failure strain in the centre was approximately 2.2%. Figure 5.2.2-5
shows the repeated loading and the increasing divergence of the surface strains with
loading cycle suggests steady growth of the delamination. Test piece #2 was loaded
twice without fracturing the test piece. Figure P-11 (a) shows interlaminar failure after
the second test.
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Figure 5.2.2-5: Repeated loading of a test piece with a gauge length of 50mm.

The two 30 mm test pieces showed signs of both interlaminar and compressive failure.
As some of the compression kinks stretch from one delamination crack to another, it is
likely that the laminate failed in shear first. The location of fracture is near the centre at
approximately one third of the unsupported length from the tabs suggesting that
compressive failure was promoted at the vicinity of maximum shear stress. Failure
strains are clearly below 2%.
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The mode of failure of 20 and 15 mm gauge length test pieces looks similar with
separation of the test pieces concentrated between the centre of the gauge section and the
tab tip. 12.5 and 10 mm specimens usually fail by kinking in width and thickness
directions. The kink seems to initiate at the tab edge. In some rather rare cases,
however, a wedge-type failure as illustrated in Figure 5.2.2-6 is observed. This failure
mode shows some similarity to the one assigned to the 20 mm test piece in Figure
5.2.2-4, and the question is whether failure initiated at the tab edge or at the tip of the
wedge. Since no correlation between amount of bending and associated shear stresses
and failure mode could be found, it is suggested that failure started at the tab edge.

Figure 5.2.2-6: Illustration of an occasionally observed test piece failure.

Compressive strains at the location of fracture are much smaller for long gauge lengths,
e.g. 30 and 20 mm, than for 10 mm specimens. The presence of shear stresses reducing
the compressive capability could explain this phenomenon. Remarkably, the 10 mm test
pieces which buckle, reach compressive strains of more than 2.3% in the centre, whereas
the longer ones usually fail below 1.8% centre surface strains.

Influence of laminate thickness

Both thinner laminates failed mostly in a buckling mode. Therefore, an assessment of the
influence of the laminate thickness on the compressive strength from the test results is not
meaningful. The reason for the result for the 8-ply laminate being considerably lower
than the corresponding 16-ply result is most probably the lower bending stiffness of the
thinner laminate. Any load eccentricity or test piece misalignment causes lateral deflection
under axial load. The induced bending moment reducing the buckling stress, is the
greater the lower the bending stiffness of the test piece.

Influence of specimen width

The mean ultimate compressive stress of the 5 mm wide specimens was 1611 MPa with a
coefficient of variation of 5.6 %. This result is very similar to the value for the standard
10 mm wide test piece. The width of the specimen does not seem to play an important
role. Failed specimens usually exhibited more longitudinal splitting than the standard
ones, which is most probably a consequence of the reduced in-plane stiffness.
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5.2.3 The Role of Tab Tip Debonding

Before further discussion of results of parametric testing an important aspect of specimen
design will be addressed. The aspect in question is the debonding of the tab tip at the
gauge section where, as shown by the FE analysis, a severe three-dimensional stress state
is present.

In order to assess the influence of tabbing material and bond properties, test pieces
were produced from a laminate with a nominal thickness of 4 mm by machining a slot of
10 mm width on both sides as illustrated in Figure 5.2.3-1. The slot was machined by
using a diamond tipped cutting wheel of approximately 2.5 mm width. After carefully
adjusting the depth of the slot on a sacrifical plate, slots were cut by feeding the saw blade
in 0.5 mm increments. This resulted in a satisfactory, if somewhat coarse, surface finish
of the gauge section. Due to the geometry of the saw blade a radius of 1.25 mm was left
at the edges of the slot. Individual specimens were then cut from this plate.

Saw blade @ (b)

Delamination
crack

L | 4|

Figure 5.2.3-1: Integral test piece: (a) machining of the test piece from a thick
laminate; (b) Interlaminar cracking at the ‘tab’ tip.

When testing these specimens cracking could be heard at about 800 MPa. Assuming an
end failure, the test was interrupted, the test piece demounted and examined.
Surprisingly, no damage was immediately apparent. On close inspection delamination
cracks initiating at the corner of tab and gauge section, as illustrated in Figure 5.2.3-1,
were discovered. These cracks show similarity to the ones mentioned earlier with the
Birmingham method, but here they are initiated at lower overall stresses. Figure 5.2.3-2
shows the corresponding stress-strain recording and the likely interpretation of the curve.

Consecutively the test piece was remounted and loaded up to failure. In the
following tests the samples were loaded to failure without interruption. The delamination
described occurred in all cases. As illustrated in Figure 5.2.3-2, tab tip delamination
initially caused asymmetric loading and therefore bending of the test piece. On further
loading, however, delaminations are initiated on the other tab tips resulting in symmetric
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loading. Since this happens at relatively low stress levels, the overall stability is not
endangered nor are strength limits reached during the bending phase.
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Figure 5.2.3-2: Stress-strain signals at the instant of tab tip debonding, note that the
origin is suppressed.

In Figure 5.2.3-3 a complete stress-strain curve of such a specimen is given. The onset
of the delamination crack causing asymmetric loading of the test piece and the following
re-stabilising are clearly visible.
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Figure 5.2.3-3: Typical stress-strain curve for a specimen with machined gauge
section showing ‘tab tip debonding’.
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The important fact of these tests 1s that the strength for this specimen sample is about 6%
higher than the results for the standard specimen (compare Table T-11 and T-12), despite
the coarse surface finish of the gauge section. Obviously, the mechanism described
above reduces stress concentrations in the area of the tab tip.

In order to prove this observation, debonds in the tab tip region were initiated by
bending of the test piece as illustrated in Figure 5.2.3-4. The peel stresses introduced by
bending the specimen were sufficient in most cases to ‘pop off’ the tab edge and to
increase the debond to the desired length. This was done with five test pieces aiming for
a debond length between 5 and 7 mm.

Debond

Figure 5.2.3-4: Illustration of initial tab tip debonding by bending of the test piece.

The strength results for these test pieces, shown in Table T-13, are 10% higher than those
for the standard test piece, confirming the assumption made above. Another finding of
these tests is that almost all specimens now fail in a macrobuckling mode. The critical
stress is not affected by the debonds, but because of lower stress concentrations more test
pieces reach buckling stress levels. Therefore, the mean is increased. In the next section
this failure mode will be examined more closely followed by a proposal of how the
evidence of stress relief by tab tip debonding can be translated into specimen design.

A final example of the self-stabilising nature of debonding tab tips is given in Figure
5.2.3-5 below. The specimen, whose stress-strain curve is shown there, presented
problems when tested in a CRAG compression fixture due to a weak bond of the tabs to
the composite. The load could not be transmitted by shear. Tested in the ICSTM rig
compression failure in the gauge section was achieved readily. Clearly visible is the
debond at very low strains and the following symmetric debond leading to axial loading
with hardly any bending induced.
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Figure 5.2.3-5: Hlustration of tab tip debonding when compressing a unidirectional
glass fibre/polyester test piece with weakly bonded tabs.

5.2.4 Ildentification of Test Piece Instability

So far, test piece instability, i.e. specimen buckling, was thought to take place when
bifurcation of the stress-strain curve is observed as, for example, presented in Figure
5.2.2-3. However, there is a transition zone where it is not quite obvious whether the
test piece bending derives from macroinstability or has other causes. One explanation
which can be found for the bifurcation of the strain signals is that of asymmetric tab tip.
debonding preceded by plastic deformation of the tab tip adhesive layer. Investigations
have been carried out to clarify this point which is thought to be of great importance for
compression testing of composites.

The first observation in this context is that not all cases of bifurcation of the strain
signals could be correlated to asymmetric tab debonding. Tab debonding could be
checked relatively easily by visual inspection since the debonded sections were clearly
identifiable as lighter areas through the glass/epoxy end tab (e.g. Figure P-11.d).
Secondly, stresses at the tab tip responsible for any mode II failure are strain dependent if
the load is introduced at the specimen end as in the ICSTM method. If the bifurcation of
strain signal were caused by a mode 11 failure similar failure strains should be observed
for different materials when tabs of similar stiffness are used. This is clearly not the case.
Glass/nylon test pieces fail at strains of 2.5 % and more (see Chapter 6) whereas the
onset of buckling of CFRP specimens is usually observed at strains of 1.5%.
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These observations strengthen the assumption of a genuine buckling failure. For longer
gauge lengths the onset of buckling as well as identification of the buckled shape is easily
possible, as illustrated in Figure P-10. The same buckled shape can be imagined for
short gauge lengths if the low shear modulus of composites is taken into account. One
can probably think of buckling to be similar to in-phase buckling of the pages of a book,
to give a simplified example. And, indeed, careful inspection of Figure P-10 (f) reveals
such a buckling type deformation. It shows a test piece with 10 mm gauge length just
before failure when bifurcation of the strain signals was observed. The thin white line
underneath the strain gauge on the left side of the test piece, which is the edge of the
specimen, is shaped as for the long specimens shown above. On the photograph of the
unloaded test piece this line is perfectly straight.

The verification of buckling for short gauge lengths during the test, however, is
difficult because lateral deflections of the test piece are very small. The following
estimation may give an impression of the deformations involved in a compression test
with short gauge length test pieces.

Figure 5.2.4-1: lllustration of the shape of a buckled specimen.

For an estimate of the magnitude of the centre lateral deflection of the test piece before
failure the deflected shape will be expressed by:

V= 9(1—0052—7—[)6) (5.2.4-1)
2 l

where v is the lateral deflection, é is the maximum centre deflection and [ is the

unsupported length of the test piece (Figure 5.2.4-1).
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The derivatives are readily obtained as:

2
v = ZosinZly (5.2.4-2)
! l
» at 2x
vi=p T = 261—zcos—l—x (5.2.4-3)

with the radius of curvature p. The slope i$ maximum at x = //4:
v - V,H _ " (5.2.4-4)

In order to obtain a relationship between strain and lateral deflection, linear elastic material
behaviour and engineering bending theory are assumed and shear deformations are
neglected as an approximation:

o= Ee (5.2.4-5)
and E_ (5.2.4-6)
P

The difference of centre surface stresses can be written as:

M

Ao=—1 (5.2.4-7)
I
Equations 5.2.4-5 to 5.2.4-7 together yield:
Ae= L (5.2.4-8)
P

And with Equation 5.2.4-3 the relation between lateral deflection and difference in surface

strains A¢ at I/2 becomes:
[?2 Ae
5= —— (5.2.4-9)
Tl 2t

Using Equation 5.2.4-4, the average shear stress acting on the //4-cross-section can be
approximated by:

T =

Lae (5.2.4-10)
T 2t
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Assuming a parabolical distribution of the shear stresses through thickness, with stresses
maximum in the centre and vanishing on the surface, the maximum shear strain acting in
the centre plane becomes:

Tmax =1.5T (5.2.4-11)

With typical values (Figure 5.2.2-5): /=50 mm, Ae = 0.037 and ¢ = 2 mm the central
deflection is calculated as 6~ 2.34 mm. The corresponding deflected shape in Figure
P-10 suggests a central deflection of around 3.5 mm. The discrepancy is most likely
caused by shear deformation, increased after interlaminar shear failure, as pointed out in
Section 5.2.2. For a gauge length of 10 mm the central deflection is calculated to be
0.025 mm assuming Ae =0.01 and r = 2 mm. As mentioned before, a deflection of this
magnitude is difficult to detect visually during the test. Moiré interferometry would
probably be a useful means to observe small deflections in situ. In the present
investigation, however, it was not employed.

With the typical values for the 50 mm test piece the induced maximum (thickness)
centre shear stress is calculated as approximately 90 MPa, assuming a compressive stress
of 400 MPa acting on the deflected specimen. This value is close to the interlaminar shear
strength measured for this material, thus predicting (central) interlaminar splitting
correctly. For the 10 mm test piece a shear stress of 20 MPa for a compressive stress of
1700 MPa is obtained. Due to additional shear deformation the actual value of induced
shear stress is probably higher. These shear stresses might be too small to cause direct
shear failure but they might influence compressive failure as will be discussed in
Chapter 11.

The assessment of the moments caused by asymmetric tab debonding is more
difficult and probably best investigated by a finite element analysis. Test results,
however, suggest that asymmetric tab debonding can cause the observed surface strain
difference. Figure 5.2.4-2 shows a stress-strain curve of a modified ASTM D695
specimen with 1 mm gauge section thickness. The test was stopped at the moment when
bifurcation of the strain signal occurred. Then the test piece was unloaded and examined
and a debond of approximately 5 mm on one of the tab tips was found. Note that, in this
case, the specimen does not bend in the direction which is anticipated from the bending at
lower strains. Theoretically, buckling of this kind is possible for a certain combination of
eccentricity of applied load and initial specimen deformation (Timoshenko and Gere,
1961). Here, the load eccentricity caused by tab debond overrides the effect of initial test
piece non-symmetry. The stress-strain signal shows evidence of tab debonding as the
‘unloading-path’ is different from the ‘loading-path’.
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Figure 5.2.4-2: Unsymmetrical tab debonding in the stress-strain curve of a modified
ASTM D695 test piece; thickness I mm, gauge length Smm.

Using the IITRI method, bifurcation of the strain signals was observed only in two cases.
The specimens in these tests were clamped with tab tips sticking out from the grips as
described in Chapter 4 (Figure 4.1-2), the unsupported length being around 18 mm.
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Figure 5.2.4-3: Stress-strain curves of a compression test using the IITRI method
showing specimen buckling.
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Two facts are remarkable about the stress-strain curves of these two tests: firstly,
significant bending occurs and, secondly, bifurcation of the strain signals is apparent.
One of the stress-strain curves is shown in Figure 5.2.4-3. Post-failure examination by
removing the tabs layer by layer revealed tab tip debonding up to the point where the
grips contacted the tabs in one case. Very little tab debonding was found in the other.
The test results of around 1250 MPa are comparable to the ones gained for XAS/914C
with a test piece of 20 mm gauge length. Additionally, it is suggested that the relatively
large amount of bending, probably caused by inadequate specimen machining,
contributes to an increased shear loading of the composite. This might in return reduce
the shear modulus leading to a lower buckling load (see Chapter 10). In conclusion, the
assumption of macroscopic buckling is reasonable in these cases.

Further evidence supporting the buckling assumption is the following observation.
A test piece with 10 mm gauge length is loaded to the point where the strain signals
diverge. Then it is unloaded and loaded again (Figure 5.2.4-4). The strains follow the
same path with failure occurring before the former maximum stress is reached (an
observation which has been made frequently in repeat tests). This would suggest that the
divergence of the strain signal is caused by quasi-elastic macrobuckling rather than an
unrecoverable mode II-type of bond failure.
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Figure 5.2.4-4: Repeated loading of a test piece with 10mm gauge length.
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The fact that stresses near failure cannot be repeated, because of failure below the
previously reached level, indicates that there is a certain plastic component involved.
Tests of this kind are obviously very difficult to quantify because the individual failure
load is not known so it 1s more or less coincidence if a test can be stopped near failure and
repeated.

It can be concluded that tab tip debonding may cause strain bifurcation in some
cases, in particular when the specimen bending stiffness is low. High test piece stiffness
is therefore recommended. However, most facts suggest that bifurcation is caused by
macroscopic instability of the test piece. This will be examined quantitatively in
Chapter 10.

5.2.5 Parameter Study of Test Piece Preparation

In this section the influence of parameters of test piece production as described in
Chapter 3, which are suspected to affect the measured compressive strength, are
investigated:

1. Surface finish of the composite panel and the gauge section, respectively.
2. Small layer misalignment during laying-up.

3. Small off-axis machining of test pieces.

Surface finish

The standard peel ply used for the panels to be cured in the autoclave is porous PTFE
coated glass fabric (Aerovac FF/03/PM). These peel plies leave the fabric pattern
imprinted on the panel surface as pointed out in Chapter 3. An alternative panel was
produced using porous release film (Tygavac RF 260/P3) which resulted in mirror
surface finish (abbreviation of the specimen sample: PP3). The thickness of this panel
was within the scatter of the standard panels (compare Table T-14 and, for instance,
Table T-3). Compression data of a carbon fibre producer suggest that the smooth surface
increases the compressive strength by approximately 30%*. Similarly, Curtis and
Whitehead (1990) found that the flexural strength of test pieces with a smooth surface is
significantly higher than that of standard ones, whereas the effect on the axial
compression strength was considered to be small.

* Internal compression testing data using the CRAG method, Courtaulds, 1989.
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Using the ICSTM method, a mean ultimate compression strength of 1688 MPa was
measured (Table T-14) with a coefficient of variation of 7.1%. One of the six test pieces
failed at 1921 MPa, and as it was not equipped with strain gauges it is not known if
higher stiffness 1s the reason for the high failure stress. If this result is excluded, the
mean value reduces to 1641 MPa with 2.6 % of variation.

These results are very close to those gained with the standard specimen as are the
modulus values which were determined for two specimens (Table T-3 and T-14). Thus,
the above mentioned considerable influence of a smooth surface on the ultimate
compressive strength could not be verified. Failed test pieces showed tab debonding as
observed with the standard specimens.

Also, the comparatively coarse surface finish of the test pieces machined on a saw
did not influence the compressive strength detrimentally, as pointed out in Section 5.2.3.
Equally, the machining of the specimen edges (surface ‘b’ in Figure 3.2-3) did not seem
to influence the compressive strength of the test piece significantly. It could not be
observed that failure was more likely to be initiated at locations where scratches from
machining where present. However, since the load bearing capacity of this surface layer
is reduced strength measurements are influenced via measuring the test piece dimensions.
Therefore, the surfaces have been smoothed as described in Chapter 3. And, certainly,
there is a critical depth where serrations act as notches causing premature failure.

Layer misalignment

Laminates with layers deliberately aligned +1° to the main axis were produced to assess
the influence of small layer (in-plane) misalignment on the compressive strength. This
degree of misalignment is most certainly considerably higher than in most practical lay-
ups. The 0°-direction of the cured panels was carefully determined by peeling off single
plies before the specimens were produced.

Off-axis machining

Specimens were produced from standard unidirectional laminates which was cut at an
angle of two degrees to the nominal fibre direction. Usually, an angle of two degrees is
considered to be very small and hard to detect, but Figure 5.2.5-1 illustrates that two
degrees give, in fact, the impression of severe misalignment. Again, in practice it is
unlikely, that such a misalignment would be introduced into a unidirectional laminate by
machining. It is possible if the fibre direction is difficult to trace, for instance in

multidirectional laminates.
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Figure 5.2.5-1: Ilustration of a layer misalignment of 2°.

The results of the tests were somewhat surprising as a considerable influence of the
described misalignment on the compressive strength was expected. However, the mean
ultimate compressive stresses, 1710 MPa and 1648 MPa for the +1° laminate and the off-
axis test pieces, respectively, were higher than the values for the standard test pieces. The
mean modulus of elasticity of the +1° laminate was 119.1 GPa which is the usual value.

The explanation for the unexpectedly small influence of layer alignment is twofold.
Firstly, in the case of the off-axis laminate the test piece is constrained by the rig from any
in-plane shear deformation since the gauge length is very short. Therefore, additional
shearing stresses are not built up in the composite as the resultant is absorbed by the jig.
For the symmetric +1° laminate there is no axial/shear stress coupling, but the individually
misaligned layers are gripped on both ends. Again, in-plane shear deformation is
suppressed by the fixture. Note the difference to short wave length misalignment: there
the misalignment is anti-symmetrical with respect to the specimen axis but symmetrical
with respect to the specimen end-loads. Shear deformation cannot be constrained by the
jig in that case (Chapter 11).

This still does not explain why the results are even higher than the ones from the
standard case. Therefore, as the second argument, tab tip debonding again seems to play
a dominant role. It is believed that tab tip debonding occurred in most cases with the off-
axis specimens, thus preventing low values which reduced the mean of the standard G10
specimens.

Since it proved not to be feasible to investigate misalignment effects with the
standard test method, two alternatives are proposed:

1.  The effect of off-axis machining can be examined by reducing in-plane constraint of
the test piece. An example of achieving this is given in Figure 5.2.5-2: rollers
allow lateral movement of the lower end block. The drawback of this arrangement
is that there is still friction which constrains lateral movement. One test piece has
been tested using this set-up yielding an ultimate compressive stress of 1542 MPa.
Although a single test is no proof, it supports the assumptions made above.
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2. Another method to investigate the influence of any type of layer misalignment is
probably a four-point bend test as the gauge length is considerably longer and in-
plane constraints are small.
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Figure 5.2.5-2: Proposal for loading block arrangement to allow lateral movement.

Conclusions

In conclusion, no influence of the surface finish on the compressive strength could be
found. However, it should be noted again that the measurement of test piece dimensions
might be impaired by a coarse surface. Smooth surfaces are therefore preferred and
removal of saw marks is recommended, although it was not observed that they act as
stress concentrators initiating compressive failure. The effect of a small layer
misalignment could not be examined satisfactorily using the standard ICSTM method. A
consequence of this, on the other hand, is that a small in-plane layer misalignment does
not affect the results of coupon compression tests.

5.2.6 Improved Specimen Design

In Section 5.2.3 the advantages of an initial debond of tab tips were outlined. The
challenge then was to produce a test piece with consistent and repeatable properties. The
simplest way to realise a weak bond was to insert some kind of release tape in the tab tip
region. In practice, this was done by covering part of the area under the tabbing plate
with transparent cellulose tape which was used to mask the gauge section during grit
blasting (see Figure 5.2.6-1).
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Figure 5.2.6-1: Test piece preparation with debond insert.

After bonding the tabbing plates the tape is removed from the gauge section, together with
excess adhesive, and the individual test pieces are cut as described in Chapter 3. The
result is a test piece as shown in Figure 5.2.6-2. It was found that inserting a PTFE tape
into the adhesive layer was more difficult and less accurate than using the adhesive tape
before bonding. Spraying the area with release agent was not considered since the effort
required to avoid contamination of the bond areas was too high.

Adhesive layer End tab

Release tape Composite

Figure 5.2.6-2: ICSTM test piece with debond insert.

The basic idea behind initial tab tip debonding is to separate the locations of stress
concentrations and to lower them to some extent. As opposed to tapering the tab tips, the
advantage of this method would be that lateral support is not lost in the regions of reduced
load transfer, i.e the unsupported gauge length is hardly increased, which is of great
importance regarding the results presented in the previous sections. To clarify this point,
the main sources of stress concentrations at the gauge section borders are identified and
the effect of a debond insert assessed in Figure 5.2.6-3.
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Figure 5.2.6-3: Identification of stress concentrators in an ICSTM test piece.

This specimen design is thought to be a further step to reducing constraints of the test
piece, allowing more realistic test results for the compressive strength of the composite.
The advantages expected from this ‘improved’ specimen design could be summarised as

follows:

* Lower stress concentrations at the tab tip, thus giving a more realistic estimate
for the compressive strength of the composite.

* Increased length of unrestrained area without increased unsupported length;
shorter gauge length than 10 mm therefore possible.

E Reduction in scatter of results caused by erratic tab tip delaminations, thus

increasing reproducibility of test results.
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* Quality of the bond is not a crucial factor so that less care is needed in specimen
production.
* Less influence of the tabbing material on test results.

Specimens with adhesive tape insert as well as PTFE tape insert have been produced and
tested. The test results are presented in Chapter 6.

5.3 Proposal for a Multidirectional Specimen

Testing of multidirectional laminates poses different problems from those faced with
unidirectional laminates. Inter-layer effects have to be considered in specimen design.
Stress concentrations at the edges due to strain incompatibility of adjacent layers cause
greater influence of specimen geometry than in unidirectional test pieces.

Two basic assumptions are usually made: firstly, edge stress concentrations vanish
after one specimen thickness. The width of the test piece should therefore be
considerably larger than the thickness. Secondly, there should be a proportion of the
gauge section where angular fibres are not restrained by the clamps. According to
CRAG, for example, the free length of the specimen should be chosen so that a non-axial
fibre can run across the full width of the specimen and be at least half specimen width
short of the end tabs, at each end. This is equivalent to the condition for the minimum
gauge length:

g=w(1+ta—1116_)> (5.3-1)

where w is the specimen width and 6 the angle between the fibres of the angle ply and the
longitudinal specimen axis.

No attempt was made in the present investigation to evaluate geometric effects in
multidirectional lay-ups. But in a rather empirical attempt the behaviour of unidirectional
layers within a laminate is assessed. This has been reported elsewhere: Barker and
Balasundaram (1987) tested short gauge length plain specimens designed for uni-
directional material, using the Birmingham method, for several stacking sequences.
Clark and Lisagor (1981), as well as Whitney and Guihard (1991), used the IITRI
method for testing quasi-isotropic and other multi-directional lay-ups, respectively. The
effect of fibre surface treatment on the compressive strength of two multidirectional
laminates has been examined by Curtis and Morton (1982) using short stable coupons in
a modified Celanese jig.
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The proposal here is to use an untabbed plain specimen, as shown in Figure 4.1-1 (b),
but rather than clamping it directly it is sandwiched between glass fibre/epoxy tabs, which
are not bonded to the composite, as illustrated in Figure 5.3-1. Only slight clamping
pressure is applied at the loaded end of the sandwiched test piece in order to prevent end
failures. The tabs are thought to reduce the stress concentrations in the vicinity where the
test piece emerges from the grip. At the same time the in-plane constraint of angular
fibres is minimised, because the tabs are not bonded and friction can be regarded as small
since there is no clamping pressure on the side of the tab adjacent to the the gauge section.
The equivalent gauge length is therefore increased significantly, whereas the laterally
unsupported length of the test piece is still only 10 mm.

The advantages of this arrangement are obvious. Specimen preparation effort is
reduced drastically, since only flat test pieces have to be machined from the composite
panel. Also, tabs can be reused. Carrying out the test is very simple and dismounting of
the test piece is without any problems.

In the long run it would be desirable to compare test results gained with the
proposed test piece and larger standard specimens, particularly regarding the
comparatively low width-to-thickness ratio proposed. Since laterally supported long test
pieces often fail near the grips, the advantage of a comparatively uniform stress field in
the gauge section might be overridden by the stress concentrations near the grips.
Therefore, the use of a short test piece with lower stress concentrations could possibly
offer more realistic design values.

GRP tab Test piece

Figure 5.3-1: Multidirectional test piece sandwiched berween reusable tabs.

In the present investigation the sandwiched test piece is used for woven cross-ply carbon
fibre/epoxy and a multidirectional, quasi-isotropic, lay-up of XAS/914C (abbreviation
L1y

[(+45/-45/0/90)3]s ,

with a nominal thickness of 3 mm. The results of these tests are presented in Chapter 6.
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CHAPTER 6 SUMMARY OF RESULTS OF
COMPRESSION TESTING

In this chapter test results of compression tests other than the parametric study described
in Chapter 5 are presented. Mainly the proposed new ICSTM method is used, but the
results of a comparison of different test methods are also given.

6.1 Unidirectional CFRP

Three systems have been examined: two thermoset epoxy-based and one thermoplastic-
based, poly-ether-ether-ketone. All three are reinforced with high strength intermediate
modulus carbon fibres. The epoxy systems are XAS/914C and Apollo 43-750/9106C,
the thermoplastic is ICI’s AS4 carbon fibre-reinforced PEEK, APC-2.

6.1.1 XAS/914C - Different Test Methods

Six different test methods, including specimen modifications, have been compared:
CRAG, IITRI, ICSTM, modified ASTM D695., Birmingham and British Aerospace
method. Most of the methods have been described before. The British Aerospace
method (Figure P-2) is a derivative of the Celanese method, but it uses wedge grips like
the IITRI rig rather than conical ones. All test pieces were tabbed with woven 0/90°
glass/epoxy tabs. The dimensions are given in Figure F-1.

The test results of the comparative compression testing using unidirectional
XAS/914C are summarised in Table 6.1.1-1. The first four categories represent test
results gained in a short course on mechanical testing of composites. These tests were
carried out by eight different groups but always under supervision of an operator familiar
with the test method and the testing equipment. For the CRAG! and IITRI tests an
Instron universal testing machine was used rather than the apparatus described in
Chapter 3 for the other tests. ASTMZ data have been produced in a different short course
under similar conditions. The remaining tests were carried out by one operator under
conditions described in Chapter 3. Details of the tests with specimen modifications and
the abbreviations used are as follows.

CRAG!: Standard CRAG specimen and fixture; several operators.

CRAG2: One operator; remachined grip surfaces; careful adjustment of the grip collets
to the individual test piece.
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CRAG3: As CRAG?; additionally tab tip debonding by bending of the test piece.
OTRIL ‘Standard’ IITRI specimen and fixture; several operators.

ASTM!: Modified ASTM D69S5; test piece thickness 2 mm; end cap on one end.
ASTMZ2:  As ASTML; test piece thickness 1 mm.

ICSTM: Standard ICSTM specimen and fixture; several operators.

BI: Birmingham method specimen tested in the ICSTM rig.

BAel: BAe standard rig and specimen; one operator.

BAe2: Specimen fully gripped, 5 mm non grit-blasted section under the tab tip.
BAe3: Specimen partially gripped; 5 mm non grit-blasted section under the tab tip.

CRAG!| HOTRI | ASTM!|ICSTM|ASTM2| BI |CRAGZ2|CRAG3| Bae! | BAe? | BAE3

1174 1343 | 1448% ) 1770 1389 | 1530 1337 | 1445 979 1109 | 1516

1145 1278 | 14652 | 1648 1369 | 1414 1536 § 1610 | 1102 1493 1361

U 1299 1232 | 15032 | 1556 1395 | 1351 1376 | 1581 1235 1083 | 1436

C 1089 1348 | 1535% | 1704 1270 | 1472 1494 | 1526 | 1074 1196 | 1491

S 1259 939 1601 1553 1304 | (1319)| 1348 | 1523 | 1075 1387
[MPa] | 1349 1356 | 1434b | 1467 1250 | (1363) 1107
1210 1199 | 16017 | 1607 1322 1366
1290 1278 1674 1245 1152

Mean | 1227 | 1247 | 1512 | 1622 | 1318 | 1442 [ 1418 | 1537 | 1136 | 1220 | 1438

StDev| 87.8 | 1366 | 693 | 966 | 61.0 | 76.8 90.7 | 63.3 | 92.1 | 188.1 | 66.0

c, 7.2 11.0 4.6 6.0 4.6 5.3 6.4 4.1 8.1 15.4 4.6

2 end failure P tab completely debonded

Table 6.1.1-1: Test results for the compressive strength of XAS/914C using
different test methods.

CRAG! yielded relatively low test results, comparable to those in Chapter 4. The
serrations of the grip surfaces were worn so that high torque on the auxiliary grip screws
was necessary in order to prevent slipping of the specimen. This could have caused
severe transverse stress concentrations as pointed out in Chapter 4. This assumption 1s
supported by the results of samples CRAG2 and CRAG3 which both yielded
considerably higher results. It is believed that, indirectly, the most important reason for
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the increase is the remachining of the grips. To explain this the geometry of the
- CRAGI/Celanese rig has to be examined more closely. Strictly, the conical grips match
the surface of the outer sleeves only in one case: when the cross-section of the grips with
the specimen clamped is circular. An increase of the axial load will then not increase the
transverse load on the specimen; the grips lock. A proportional increase of the transverse
load, which enables the friction needed for load transfer, to the axial load is only given
for an ‘elliptical’ cross-section as illustrated in Figure 6.1.1-1 'A'. An initial set-up 'B'
shown in the figure will not create any transverse force when the specimen is loaded
axially and only the friction caused by initial tightening of the mounting screws enables
load transfer. During loading the cross-sectional shape changes due to two factors.
Firstly, the test piece is deformed through thickness by the transverse clamping force and,
secondly, the grip serrations impress themselves into the tabs. Therefore, if initially there
is an appropriate elliptic shape 'A' the locking position can be reached before failure. If
the frictional coefficient between the grips and the specimen is high (remachined grips)
the failure load can be applied without slipping of the test piece and the failure load should
be higher because of reduced transverse stresses. From that it follows that different
specimen/grip combinations and small changes in specimen geometry and stiffness are
likely to give different results. Ideally, using the CRAG or Celanese method, the test
piece is loaded to approximately half the failure load to set the specimen and then the grip
inserts are shimmed again to ensure optimum conditions.

Line loading

Figure 6.1.1-1: Illustration of loading conditions using the CRAG compression rig.

The IITRI results are similar to CRAG indicating that principal problems with the method
of load introduction indeed exist. The through-thickness load on the specimen in the
IITRI rig is always proportional to the applied compressive load and not dependent on the
specimen geometry.

The British Aerospace rig proved to be simple to use since the fixture is very light
and the open sleeve makes mounting of the test piece easy. Deep serrations in the grips
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guaranteed a reliable grip of the specimen but seemed to influence the failure, generating
some interesting results. The standard specimen, fully gripped, yielded the lowest mean
value of the investigation. In some cases compressive failure seemed to be initiated at the
serrations of the grips. It confirms what has been said about the influence of transverse
stresses: the wedge grips cause transverse forces proportional to the axial load and
independent of the specimen geometry. Therefore, the low results are not surprising. A
weak bond of the tab tips did not influence the result significantly. When the specimen
was not fully gripped (BAE3), approximately 2 mm of the tab sticking out of the grips,
the results rose by almost 20%, consistent to the observations made in Chapter 4 using
the IITRI test method.

Buckling of the test piece was generally not observed when using the indirect
methods. This was simply because usually the test piece fractured before a critical stress
was reached for reasons suggested earlier. Figure 6.1.1-2 shows some representative
stress-strain curves using the British Aerospace rig.

2000 — For comparison
ICSTM G10-6

T 1500 -

E 4

& 1 ct
o 1000 S

=

2 1

g ]

Q.

13 J

8 5004

0 —
0.0

Compressive Strain [%)] —_—
Figure 6.1.1-2: Some typical stress-strain curves using the BAe compression test rig.

The methods using end-loaded test pieces generally yielded higher test results than the
indirect methods. To start with the modified ASTM D695 method using the test piece
with 2 mm thickness presented the previously mentioned problems of failure at the end.
For demonstration purposes a specially designed adjustable end cap (Figure 6.1.1-3) was
fitted to only one specimen end. It was found that this device could prevent most of the
end failures and is therefore recommended. Despite the invalid failure modes the failure
stresses are comparatively high. The test piece with 1 mm gauge thickness presented no
problems regarding end failures when tabs of the same thickness as for the 2 mm
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specimens were used. But due to the low bending stiffness of the test piece any tab tip
debonding led to strong bending causing premature failure. This is reflected in the lower
mean failure stress compared to the thicker test piece.

Shims Hardened loading block

S

4 Bolt

™~

Clamping jaws

Test piece end

Figure 6.1.1-3: Adjustable end cap for modified ASTM D695 specimens.

The result of 1442 MPa for the Birmingham specimens tested in the ICSTM rig is
consistent with the results published for the Birmingham method (Barker and
Balasundaram, 1987). One of the five specimens failed at the end. As pointed out in
Chapter 4, the slenderness ratio of the test piece proved be too high to cope with
delaminations which occurred in the gauge section at high strains.

The ICSTM method using a standard specimen yielded the highest results with
acceptable scatter in the present comparison. It has to be stressed that, at the same time,
the test piece experienced the lowest constraints of all methods presented, thus evading
the argument of artificially high values. Almost all stress-strain curves indicated tab tip
debonding reducing stress concentrations. The different testers of the short course
judged that the method was simple to use. Comparison of the results of the parametric
study, where a mean compressive strength of 1617 MPa was measured, indicates good
consistency of the method.

6.1.2 XAS/914C - ICSTM Method with Improved Specimen

In Section 5.2.6 the idea of the compression test piece with debond inserts has been
outlined. The expectations, i.e. reduction of stress concentrations caused by load
introduction and specimen constraint, seem to be fulfilled considering the results shown
in Table 6.1.2-1. For comparison, the results for the test pieces where the debond was
created by bending of the test piece (abbreviation DEB) are also listed. The other
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abbreviations used in the table are:

DELST: 5 mm cellulose adhesive tape debond insert
DELPT: 5 mm PTFE tape debond insert,

as described in Section 5.2.6. All test pieces had a nominal thickness of 2 mm and a
gauge length of 10 mm (Figure F-1).

The plain strength figures show that there is a consistent tendency and debonding of
the tabs yields average results above 1700 MPa. Note that the value for the sample
DELST is approximately the average tensile strength determined with a similar specimen
with longer gauge length. The coefficient of variation is low in all cases, particularly for
the sample DELPT with Cybeing only 2%.

Specimen UcCsS Modulus Maximum Strain
type Mean Cv Mean Cv Mean Cy
[MPa] [%] [GPa] [%] (%] [%]

DEB 1761 4.7 121.6 2.3 2.22 12.8
DELPT 1704 2.0 119.6 4.7 1.99 9.4
DELST 1806 4.8 123.0 2.6 2.22 13.5

Table 6.1.2-1: Test results for the compressive strength of XAS/914C using the
ICSTM test merhod with improved specimens.

Table 6.1.2-1 lists the mean of the strain maxima which were recorded for the individual
specimens. The stress-strain curves given in Figures F-7, F-9 and F-10 reveal the reason
for the high strains in some cases: bifurcatton indicating buckling of the test pieces is
apparent causing additional compressive stress on the concave side of the specimen.

In Table 6.1.2-2 stresses calculated from the (extrapolated) curves using the
maximum compressive strain are given. These stresses, which were sustained in the
centre of the gauge section without causing any apparent damage (failure occurred near
the tab tip in most cases), are of the order 1900 to 2000 MPa. This suggests that stress
concentrators still promote failure and that the intrinsic compressive strength of the
material is higher than the measured (mean) ultimate stress. Of course it has to be noted
that the absolute value will depend on the extrapolation. Using a second order
polynomial will yield even higher stresses.
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DEB DELPT DELST
Specimen & max (€% max) £ max 0 (£%max) & max (" max)
No [%] [MPa] (%] [MPa] [%] [MPa]
1 2.57 2101 2.13 1941 1.72 1704
2 1.78 1743 1.8 1756 1.99 1869
3 2.26 1999 2.52 2088 2.25 1950
4 2.11 1931 2.21 1977 2 1874
5 2.39 2048 2.44 2064 2 1874
MEAN 2.22 1964 1.99 1965 2.22 1854
kli
Buclding | 5 33 2020 | 233 2018 | 2.13 1910
specimens
£ max maximum compressive strain at fracture

Table 6.1.2-2:

Ultimate compressive stresses calculated from maximum strains using

the extrapolated compressive stress-strain curve.

Figure 6.1.2-1 shows different curve fits to the experimental data. It also illustrates that

the declining axial stiffness of the composite suggests an ultimate compressive stress of
well below 2500 MPa, an observation first made by Port (1982).

Compressive Stress [MPa]

3000
2000 7~ Ny
N
\\
\
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\\“
1000 - . Experimental data
\
] Curve fit \
———  quadratic polynomial \.v,‘x
e — third order polynomial \\
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0 1 2 3 4 5 6

Compressive Strain [%]

Figure 6.1.2-1: Polynomial curve fits to experimental compression data.
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As indicated above, most of the test pieces still failed near the tab edge into the gauge
section. Specimens of the sample DELST, which seemed to be the best aligned ones,
occasionally failed at the end of the debond insert as demonstrated in Figure 6.1.2-2.
This failure mode has to be regarded as valid as opposed to invalid end failures. The
gauge section, although subjected to, so far, unrealised high (uniform) stresses, showed
no signs of damage, as mentioned before. The previously made assumption that most of
the damage done to the test piece is post-failure is proven by the fact that specimens
which failed at high stresses at the end of the debond insert showed no splitting or other
signs of interfacial failure (Figure P-11 (e)).

kink bands

Figure 6.1.2-2: Failure mode of an improved specimen using the ICSTM method in
some cases.

6.1.3 Apollo 43-750/9106C

The high-strength Courtaulds Apollo 43-750 fibre is incorporated in an experimental
grade toughened epoxy resin, code 9106C. Batches of pre-impregnated tapes containing
fibres with different levels of surface treatment, from non-treated fibres to fibres with
100% of the usual cycle, were produced by Courtaulds. A large experimental programme
using this material was planned in order to compare the different test methods presented
in Chapters 4 and 5 and to examine the influence of interfacial properties on the
compressive strength of CFRP. Unfortunately, although the curing cycle for 9106C has
been modified several times, the final result was not satisfactory. The cured composite
panels were considerably thicker than anticipated nominal values and the compressive
strength was relatively low.

Courtaulds quoted a compressive strength of around 900 MPa for the composite
with fully treated fibres. Unknown factors seemed to reduce the compressive strength of
the systems and were believed to override the influence of fibre surface treatment. In
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particular, problems with the resin formulation were encountered at Courtaulds. When
these facts became obvious most of the comparative part of the programme was
discontinued. On the other hand, it was thought that the low compressive strength of the
composite might reveal valuable information regarding the cause of compressive failure of
CFRP.

The compression tests were therefore carried out. Standard test pieces covering the
whole range of fibre surface treatment were prepared for two test methods: the
Birmingham and the ICSTM methods. Four levels of fibre surface treatment were
examined (in brackets are the abbreviations used in the tables): 0% (01), 10% (X), 50%
(L) and 100% (C1, C2) of the standard treatment as specified by Courtaulds.

Preliminary tests showed that with a radius specified in Figure 4.1-1 most
Birmingham method test pieces failed at the end. The specimens therefore had to be
remachined to reduce the centre thickness. The gauge length, consequently, was slightly
longer than 11.5 mm, but due to low failure stresses and high fibre stiffness no test piece
buckling has been observed. Some of the ICSTM specimens also failed by kinking of
fibres starting from the end. Obviously, the tab thickness, i.e. the tab stiffness, should
have been adjusted to the increased specimen thickness. Unfortunately, producing
another set of specimens could not be considered.

The results of all tests are listed in Tables T-21 and T-22. They are, in general,
about 50 % higher than the ones quoted by Courtaulds using the CRAG method. A
problem encountered with test pieces failing at the end was to decide whether a result
from any invalid failure should be disregarded. It was decided to include the value if it
was higher than the mean of the ‘valid’ failure stresses of the sample. The test results
therefore represent a lower boundary of the compressive coupon strength which can be
gained with the two methods, particularly regarding the ICSTM method.

Figure 6.1.3-1 shows the mean values of the compression tests. It includes a
second sample of five ICSTM test pieces with 10% fibre surface treatment. This sample
- was accidentally left in a oven in order to post-cure the tabbing adhesive where it reached
a temperature of 140°C for approximately 30 minutes. Since the curing temperature of the
composite was 170°C, no significant effect from this ‘post-curing’ was expected. The
mean result of this sample (1428 MPa, N = 6) was higher than the one for the first
sample and comparable to the result of the Birmingham method.

In order to eliminate fibre volume fraction effects the fibre volume fractions of
several samples have been determined in different laboratories, see Table 6.1.3-1. The
values are consistent within +1% fibre volume fraction between laboratories and the mean
values are 57% £1.5% FVF for the different panels.
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The test results do not suggest an influence of fibre surface treatment on the compressive
strength of this material. The composites containing fibres with 10% surface treatment
seem to have the highest compressive strength, whereas there is little difference for the
others even if the slight difference in fibre volume fraction is taken into account.
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100%1 and 100%2 denote two different panels containing fully surface-treated fibres

Figure 6.1.3-1: Test results for the compressive strength of Apollo 43-750/9106C
containing fibres with different levels of fibre surface rreatment;
ICSTM and Birmingham test methods.

0% 10% 50% 100%

RAE1 56.7 58.5 55.0 58.2
RAE2 56.1 58.0 54.8 58.8
Courtaulds 54.7 57.5 57.1 59.4
Mean 55.8 58.0 55.6 58.8

Table 6.1.3-1: Fibre volume fraction of Apollo 43-750/9106C as measured in
different laboratories.

In Figure 6.1.3-2 some typical stress-strain curves are shown. Only a few test pieces
were instrumented with strain gauges and, as mentioned above, buckling did not occur.
For comparison an XAS/914C stress-strain curve is also plotted.

The higher stiffness of the Apollo system is clearly visible, which is in accordance
with manufacturers’ data for the (tensile) fibre stiffness: 230 GPa for the XAS and 300
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GPa for the Apollo fibre, respectively. There is no obvious influence of interfacial
properties on the axial modulus of the composite as Figure 6.1.3-3 illustrates, where the
normalised modulus is shown versus degree of fibre surface treatment. The average
modulus is approximately 152 GPa, 27% higher than the average 120 GPa of
XAS/914C. Taking into account a resin modulus of about 5 G Pa the ratio of composite
moduli is equivalent to the ratio of fibre moduli.
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Figure 6.1.3-2: Typical stress-strain curves for Apollo 43-750/9106C containing
fibres with different levels of fibre surface trearment; ICSTM test
method.

Failure was similar for all materials; only the specimens containing non-treated fibres
exhibited slightly more brushing, i.e. fibre/matrix debonding, of the fracture surfaces
when failure occurred in the gauge section.

In conclusion, it can be said that at low failure stresses the Birmingham and ICSTM
methods are comparable. This is not surprising, since the effects mentioned in Chapter 5,
namely interfacial cracking and consequential bending, as well as tab tip debonding and
macroscopic instability, do not occur to the same extent at the low stress and strain levels
observed with this material. On the other hand, the data obtained by Courtaulds
demonstrate that there is a considerable influence of the method of load introduction, even
at low failure stresses. In a later chapter the fibre alignment will be shown to override the
effect of interfacial properties.
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Figure 6.1.3-3: Normalised modulus of elasticity versus level of fibre surface
treatment for Apollo 43-750/9106C.

6.1.4 AS4/PEEK (APC-2)

The thermoplastic poly-ether-ether-ketone reinforced with carbon fibres 1s known to have
moderate compressive strength. ICI quotes tensile strengths of 2130 MPa for
reinforcement with Hercules AS4 fibre and 2891 MPa for the Hercules Magnamite IM-7
fibre at 61% fibre volume fraction. The compressive strengths using the II'TRI method
are given as 1100 MPa and 1139 MPa, respectively. It was therefore of some interest to
find out if there is a similar influence of the test method on the strength result as observed
with carbon fibre-reinforced epoxies.

Two different panels of unidirectional APC-2 with a nominal fibre volume fraction
of 61% have been manufactured at ICI for compression testing. The first panel contained
16 plies and the second 32 plies of unidirectional prepreg so that the nominal thicknesses
were 2 mm and 4 mm, respectively. Specimens with a 5 mm cellulose tape tab tip debond
insert, abbreviation APCS, were manufactured from the 16-ply panel and, as usual,
instrumented with back-to-back strain gauges. From the 4 mm panel specimens were
machined as described in Section 5.2.3, the gauge length in both cases being 10 mm.

Tables T-19 and T-20 contain the test results of the compression tests and Figures F-12
and F-13 show the corresponding stress-strain curves. The results confirm, although it is
not immediately obvious, the observations and conclusions drawn in Chapter 5.
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Contrary to the case of XAS/914C the ultimate compressive stress for the milled
specimen 1s considerably lower than that for the improved specimen: 1133 MPa for the
former, which is the same as the ICI-value, and 1511 MPa with an individual value as
high as 1658 MPa for those with a debond insert. Scatter is comparatively low (2.2%)
for the milled specimens.

The explanation for these findings is to be found in the high failure strain and high
shear strength of the PEEK matrix. APC-2 has about the same axial stiffness as
XAS/914C and the compressive strength is likely to be lower as the results for the
specimens with debonds suggest. Consequently, tab tip delaminations which occurred in
the 914-system at relatively low strains reducing stress concentrations did not happen, or
not to the same extent, in APC-2. Therefore, the specimen failed compressively due to
stress concentrations at the tab tips. And, indeed, tab tip delaminations were hardly
found in failed specimens. For this reason, the machined specimen type cannot be
recommended for APC-2. The debond insert, on the other hand, had the same effect as
on the thermoset system, namely to separate stress concentrators, which is reflected in the
increase of failure stress. Interestingly, one specimen of each sample (APCS-2, APCD-3
in Table T-19 and T-20) failed in the centre of the gauge section, i.e. the kink initiated at
least 3 mm away from the tab tip, see Figure P-11 (f). Shear stresses (see Section 5.2.2)
might have played a role since bending did occur in both cases (Figures F-12 and F-13).
But since this kind of failure was never observed for the equivalent XAS/914C
specimens, it is assumed that these specimens failed in 'true' compression. The low
result of the centrally failed test piece without debond insert (1111 MPa, compared to
1658 MPa of the one with insert) indicates severe stress concentrators within the material.
In Chapter 11 this will be discussed further.

Generally, the fracture surfaces looked similar to those of epoxy test pieces. The
only noticeable difference was that much less splitting and brushing of the surfaces was
present due to the toughness of PEEK. SEM micrographs of fracture surfaces are shown
in Figure P-12 (XAS/914C) and P-13 to P-16 (APC-2). Figure P-13 shows evidence of
in-phase fibre microbuckling in APC-2 with Figures P-14 and P-15 illustrating flexural
final fibre failure. The similarity of the fracture surfaces of XAS/914C and APC-2
suggest fibre microbuckling failure for both materials.

The stress-strain curves of APC-2 show, as would be expected from the low failure
stresses, no signs of a buckling type of failure, with the exception of APCS-3, where
most probably compressive failure initiated macroinstability. Asymmetric delamination
cannot be excluded as a cause, the more so as some tab delamination was found in this
case.
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The stress-strain curves exhibit a similar degree of nonlinearity to the equivalent
XAS/914C curves, as can be seen from Figure 6.1.4-1, where two representative stress-
strain curves are shown. As the degree of overall fibre misalignment of the two systems
was found to be quite different, the nonlinearity is most probably caused by the nonlinear
elastic behaviour of the carbon fibre.
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Figure 6.1.4-1: Comparison of compressive stress-strain curves of an APC-2 and an
XAS/914C specimen.

6.2 Unidirectional GRP

Although not directly a subject of the present investigation, it was felt that comparative
tests using glass fibre-reinforced plastics could be of use for studying the compressive
behaviour of CFRP. Two systems have been examined: E-glass fibre-reinforced nylon
with different levels of fibre volume fraction, and E-glass fibre-reinforced epoxy (Ciba
Geigy Fibredux 913).

6.2.1 E-Glass Fibre-Reinforced Nylon (ICI ‘Plytron’)

Pultruded panels with nominal fibre volume fractions of 23%, 29% and 35% were
available for testing. Standard specimens according to Figure 5.2-1 were produced from
this material using the same tabbing material as for CFRP. The crosshead rate of motion
was 2 mm/min which is approximately equivalent to 3 % strain/min. A summary of the
test results is given in Table T-23.
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It was mentioned before that the magnitude of stresses responsible for tab tip debonding
depends on the ratio of composite stiffness and tab stiffness. For a given tab stiffness the
stresses are strain dependent. Debonding of the tab tips indeed occurred in all cases,
mostly in a symmetric fashion, between 1 and 2.5% strain. As the failure strain of glass
fibre composites 1s considerably higher, tab debonding did not cause immediate failure
but acted as a stress relief. Figure 6.2.1-1 shows typical stress-strain curves and an
arrow points at first tab debond.
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Figure 6.2.1-1: Typical compressive stress-strain curves of ICI ‘Plytron’.

Most stress-strain curves exhibit well developed bifurcation, indicated by ‘B’ in Table
T-23, suggesting macroinstability of the test piece. In Figure 6.2.1-2 the test results are
presented in normalised form. The ultimate compressive stress is plotted versus the
normalised bending stiffness of the test piece, which is modulus of elasticity multiplied
by the square of test piece thickness. The Euler buckling load is proportional to this
- value. The graph clearly shows a linear relationship for the tests where bifurcation
occurred, hence strengthening the assumption of macroscopic instability. This again
stresses the need to design the specimen specifically for the material to be tested. The
composite examined does not exhibit significant stiffness decrease as described below,
but the relatively high stresses reached by reducing stress concentrations introduce the
problem of macrobuckling as observed with CFRP. In Chapter 10 this will be treated
analytically.
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Figure 6.2.1-2: Ultimate compressive stress for ICI ‘Plytron’ versus the product of
modulus of elasticity and the thickness of the test piece squared.

The following Figure 6.2.1-3 illustrates an important feature of glass fibre-reinforced
composites. Here, the mean of the surface strains from Figure 6.2.1-1 are plotted versus
stress. These mean stress-strain curves are almost linear reflecting the fact that the elastic

behaviour of glass fibres is linear.
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Figure 6.2.1-3: Typical mean compressive stress-strain curves of ICI ‘Plytron’.
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Two factors can be held responsible for the slight nonlinearity, i.e. reduction in stiffness.
Firstly, the stiffness of the matrix decreases with axial strain, which in the the case of
very low fibre volume fractions is not a negligible effect. Secondly, the initial
imperfection of fibres which, although very small, contributes to nonlinear strain
characteristics at high strains. This will be analysed in more detail in Chapter 11.

6.2.2 E-Glass Fibre-Reinforced Epoxy

Only a few compression tests using E-glass fibre/Fibredux 913G specimens were carried
out in order to obtain the compressive stress-strain relationship of glass fibre-reinforced
epoxy with high volume fraction (about 60%). The stress-strain curves of two ICSTM
test pieces with debond insert are shown in Figure 6.2.2-1. The mean curves show only
a very small degree of nonlinearity as observed with glass fibre/nylon. The mean of the
compressive strength of the two tests was 1531 MPa. This value, however, should only
be taken as an estimate, since the material, remaining from a former project, was several
years old and the moisture content and other details were not known. It has to be
mentioned that the specimen with the higher ultimate stress seemed to have failed by

buckling.
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Figure 6.2.2-1: Stress-strain curves of unidirectional E-glass fibre/913G (Vi=~ 60%)
using the ICSTM method, specimen with debond insert.
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6.3 Non-Standard Specimens

Some results of compression tests using the rig presented in Chapter 5 and the specimen
design described in section 5.3 are given in this section. The intention was to prove the
feasibility of the proposed test method and to gain some insight into compressive
behaviour of CFRP under various experimental conditions.

6.3.1 Woven Cross-Ply CFRP

This investigation was initiated by researchers of Liverpool University. Test results they
gained using the IITRI compression test method were not satisfactory as they exhibited
large scatter. The material came in sheets with a mirror surface mould face and a coarse
back side which made symmetric tabbing difficult.

It was felt that using the ICSTM method could lead to more consistent values.
Therefore, flat test pieces sandwiched between end tabs as described in section 5.3 were
prepared for testing. For comparison identical test pieces with aluminium tabs bonded on
at Liverpool University were tested as well. The modulus of elasticity was determined
using only one strain gauge on the flat side of the test piece.

The tests with the sandwiched test pieces did not present any problems and exhibited
consistent failure modes. Failure seemed to be by buckling of individual layers as shown
in Figure P-18 (b). In most cases 'pops' could be heard just before failure. These could
be identified in the stress-strain diagram and are most probably caused by buckling and
delamination of surface bundles.

Testing of the test pieces with aluminium end tabs was more troublesome due to the
way the specimens were manufactured. In order to improve the bond to the composite,
which as mentioned had surfaces of unequal roughness, serrations have been cut into the
aluminium tabs. According to the standard procedure the outer surfaces of the test pieces
received were ground flat and the ends were machined square to the specimen axis before
testing.

These test pieces failed partially at relatively low loads under the tab near the deep
serrations cut into the tabs. This introduced strong bending moments leading to an
overall failure at comparatively low average stresses. Adequate bond preparations are
likely to lead to similar results for the tabbed specimens as for the untabbed, as the result
for specimen #5 suggests. This specimen failed centrally without a sign of failure under
the tabs.
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As the test piece preparation of the simple flat specimens requires much less effort than
preparation and machining of tabbed specimens, the former are preferred for
determination of compressive properties using the ICSTM fixture.

In comparison to the results gained using the IITRI method it is found, as before,
that the ICSTM method gives higher strengths whilst specimen constraints are reduced
and scatter of results is lower.

6.3.2 Multidirectional CFRP

As pointed out in the previous chapter, testing multidirectional laminates is an attempt to
assess strains in unidirectional layers rather than to produce design data for the lay-up.
The laminate tested was the quasi-isotropic lay-up:

[(+45/-45/0/90)3]
with a nominal thickness of 3 mm.

Figure 6.3.2-1 shows the stress-strain curves of the five specimens tested. The
failure strain in all cases is higher than 2.1%, which is some 30% higher than the mean
failure strain of a unidirectional coupon test piece. The failure strains, however, are
comparable to the maximum strains on the compressed side of the gauge section when the
unidirectional test piece buckies.
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Figure 6.3.2-1: Compressive stress-strain curves of laminate L1, ICSTM method.



Chapter 6 Summary of Results of Compression Tesring 134

A typical test piece failure is shown in Figure P-18 (c). Figure P-19, where a 0°-layer
within the laminate is shown, indicates that compression failure of the 0°-layer within the
laminate is of similar nature to compression failure in a coupon test piece. It is therefore
likely that final failure of the test piece 1s triggered by compressive failure of the 0°-layers,
as pointed out by Soutis and Fleck (1988).

6.3.3 Thick Woven Cross-Ply GRP

The compression characteristics were required for woven cross-ply glass fibre-reinforced
plastic delivered in sheets of 10 mm thickness. Preferably, the material should be tested
without machining the original mould surfaces. No standard compression method was
capable of accommodating a test piece of such dimensions. The decision therefore fell on
a specimen with a square cross-section of 10 mm width and a unsupported gauge section
of 25 mm which could be tested in the ICSTM fixture. The ends of the test piece were
inserted in the end blocks of the ICSTM fixture and slightly clamped. No additional
tabbing material was used.

Failure occurred in all cases in the unsupported section in a layer kinking mode
shown in Figure P-18 (a). This was the anticipated mode of failure as the maximum
inclination of fibres in the individual layers was as high as 10°. Stress concentrations are
believed to play a minor role because the strong layer waviness overrides other effects.
For the same reason end failures did not occur because through-thickness deformation
and, as a consequence, layer buckling, is suppressed by the end blocks of the fixture.
The measured values, therefore, should give a good estimate of the compressive strength
of the material on a structural scale.
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CHAPTER 7 MECHANICAL CHARACTERISATION

In this Chapter the complementary mechanical tests related to the subject of compression
are described and the results are given and discussed.

7.1 Tensile Tests

Tensile tests have been carried out in order to determine the complete stress-strain
response of unidirectional XAS/914C. These data are used as input for a model for the
four-point bend test. The dimensions of the tensile specimen, basically a compression
test piece with 100 mm gauge length, are given in Figure 7.1-1. It was not intended to
produce tension design data therefore this test piece was thought to match the conditions
of the compressive test piece best. Specimen preparation and testing conditions were as
described for the compression test in Chapter 3.

10
Figure 7.1-1: Test piece for determination
of tensile properties.
Thicknesses %0
Laminate: 2 mm
End tab: 2.7 mm The results for ultimate tensile stress and
r longitudinal modulus of elasticity are listed in
Table T-27; the individual stress-strain curves
are presented in Figure F-15. Figure 7.1-2
shows the stress-strain curves of the tension
’@ 100 tests including the ones from compression tests
Strain gauges using the improved ICSTM specimen
on both faces (DELST).
The strength values, mean 1832 MPa,
’ have to be regarded as a lower bound of the

tensile strength of XAS/914C. A more
appropriate specimen design as, for instance,
the one with a waisted centre gauge section
recommended by CRAG (Curtis, 1988), would
most probably yield higher values.
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Of more concern, however, are the relatively low modulus of elasticity values, the mean
of the 0.25%-secant modulus being 122 GPa. Based on the curve fit given in Figure
7.1-4 the difference between the +0.25%- and -0.25%-secant modulus is 3.75%. That
means that the measured tensile modulus 1s in agreement with the average compression
modulus determined in the present investigation (see Tables T-1 to T-10). However, in
literature and manufacturer sheets values between 130 GPa and 140 GPa (CIBA-GEIGY
product sheet: 135 GPa; Courtaulds: XAS-fibre: 230 GPa which would give
approximately 140 GPa for a composite with 60% fibre volume fraction) are quoted for
the tensile modulus. The fibre volume fraction determined for several control pieces of
different panels was close to the nominal value of 60%. Modulus of elasticity
measurements for aluminium and steel using the same strain gauge circuit yielded 73 and
206 GPa, respectively, which are reasonable values for those materials. The calibration
of the load cell was checked as well and found to be correct. Also, the tensile modulus of
a CFRP test piece was the same when measured in a different laboratory. Therefore, it 1s
assumed that the low modulus values of the tests are genuine.
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Compression XAS/914C
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2 -1 0 1 2
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Figure 7.1-2: Stress-strain curves from individual tension and compression tests.

The tensile stress-strain curves exhibit the typical slight stiffening characteristic, well
known for CFRP. It may be noted here that any layer misorientation would induce a
stiffening stress-strain response if the misalignment angle is very small. Most of the
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fibres are clamped on both ends so that any shear action can be neglected and under a
tensile load initially inclined layers become oriented in the loading direction resulting in an
increased stiffness of the test piece with increasing strain.

-~ @

“’ |

Fully load carrying volume (

Figure 7.1-3: Ilustration of a misaligned single layer in a unidirectional test piece.

At greater angles of misalignment the portion of the test piece sheared under tension gains
influence causing decreasing stiffness of the test piece. An overall layer misalignment of
+1°in a test piece of 10 mm width and 100 mm gauge length resulits in 35% of the fibres
not gripped at both ends but ending on a free surface (compare Figure 7.1-3). In
compression any misalignment will be increased resulting in an increased level of
nonlinearity if shear deformation is not restrained, as pointed out in Chapter 5.

Failure was in all cases accompanied by extensive longitudinal splitting. Normally,
fibre failure initiated at the tab tip due to longitudinal stress concentrations. Only one of
five test pieces fractured approximately 10 mm from the tab edge. Before final failure
surface fibre bundles fractured causing irregular strain gauge readings (Figure F-15),
giving further reason for waisting the specimen. Unfortunately, the extensometer failed
to work reliably in most cases due to failure of the springs in the measuring levers which
guarantee precise positioning. Often it was found that, particularly in the initial part of the
stress-strain curve, slippage of the extensometer occurred making the calculation of the
modulus difficult, if not impossible.

Only one comparative stress-strain curve is available (Figure F-15). The agreement
with the strain gauge recordings in this case is reasonable, particularly in the initial part of
the curve from which the modulus is determined. Generally, it was found that the
extensometer used in this investigation needed much attention and was difficult to
maintain on an operating level. Strain gauges, although requiring more preparative work
and being more expensive in the long term, were found to be more reliable and are,
therefore, preferred to extensometers. However, it should be stated that the extensometer
in question often was not treated properly and an extensometer in good condition is likely
to prove more reliable.
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In order to approximate the complete stress-strain relationship of XAS/914C the
individual stress-strain curves shown in Figure 7.1-2 are curve-fitted and the average
polynomial in tension and compression determined. These are the data represented by
‘experimental data’ in Figure 7.1-4. The third order polynomial which fits these points
best, representing the stress-strain curve of XAS/914C for strains ¢ between -1.8% and
+1.4%, is:

o=1233¢+90.7¢ - 27.0¢> (7.1-1)

or, second order:

o=1193¢ + 108.9¢2 (7.1-2)

where the stress o is in MPa and £ in % (tensile strain positive, compressive strain
negative). Obviously, this is only an approximation as the number of test pieces is small.
The compression data from the sample DELST were chosen because this sample was
thought to give the most representative stress-strain curves up to the highest strain level of
all compression tests.
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Figure 7.1-4: Average stress-strain data of XAS/914C in tension and compression
and curve fit.

Tangent and secant modulus of unidirectional XAS/914C are determined as tangent and
secant slope of the approximated curve fit. The values are normalised to the values at
zero strain and plotted versus axial strain in Figure 7.1-5. This graph clearly illustrates
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the variation of modulus with axial strain, a topic which will be a subject of discussion in
Chapter 10.
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Figure 7.1-5: Normalised modulus of elasticity versus axial strain for XAS/914C.

7.2 Flexure Tests

Flexure tests are known to yield higher strengths than would be expected from results of
tension and compression tests. If the material behaved linearly the flexural strength
would be limited by the lower value of tensile or compressive strength of the material.
Regarding CFRP this is generally not observed. The ICI data sheet for APC-2/AS4, for
instance, quotes 2130, 1100 and 1880 MPa for tensile, compressive and flexural
strength. Even more contradictory are data for XAS/913 quoted by Westland™* : 2000,
1070 and 2460 MPa. The correlation of compressive strength and flexural strength,
considering test results gained with the improved compression test method, seemed
therefore of particular interest. Flexure test results will be described below and a
nonlinear model will be used to interpret the experimental findings in Section 9.4.

Flexural properties of XAS/914C were determined using a four-point loading jig in
accordance with ASTM D790M-84. The dimensions of test pieces and loading
configuration are give in Figure 7.2-1.

* Michael Wisnom, seminar on flexural properties of CFRP at Imperial College, December 1990.
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Fibre direction o5
(a)
Norninal thickness t = 2 mm 1
100
p s/t = 401
! =40 mm Plastic
s =80mm Sleeve
p Test piece o
7 <

-——— Load span /—

i Support span s
(b) (©

Figure 7.2-1: Dimensions of specimen (a), jig (b) and modified roller (c) for four-
point bend tests according to ASTM D790 M.

Two specimens were tested using the standard rollers with a diameter of 6 mm and
another two using plastic sleeves of approximately 1.5 mm thickness around the rollers.
Strains are measured on the compression and tension faces of the test piece using strain
gauges of the same type as in the previous tests.

According to ASTM D790M the surface stresses (equal on the compression and
tension face) are calculated as:

3Ps
4wr?

(7.2-1)

T =

where P is the maximum load, s is the support span, w the test piece width and ¢ the
actual test piece thickness. Cis a correction factor to take into account the nonlinearity of
applied load and bending moment acting on the test piece due to large deformations, and
1s approximated by:
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5
Cc-[l- (10.91}—2[ N (7.2-2)

where 0 is the maximum deflection of the centre of the specimen. The centre deflection,
not recorded continuously in the tests, was estimated at fracture using a ruler attached to
the jig.

Table 7.2-1 below summarises the results of the tests and typical stress-strain curves
for both roller configurations are presented in Figure 7.2-2.

No Loading H w P, €ty €eu | Modeof | & (appr.)
rollers [mm] [mm] [N] [%1 (%] failure [mm]

1 standard 2.11 | 24.97 | 3048 1.33 | -1.44 | compr. 9
2 standard 2.04 | 24.72 | 2978 1.44 | -1.54 | compr. 9.5

3 plast. sl. 2.09 | 24.82 | 3696 1.69 | -1.83* | tension 12.5
-1.93*
4 plast. st. | 2.10 | 24.89 | 3784 | 1.79 |-1.98* | tension 13
-2.65"

* Compressive strain at first tensile failure Compressive strain at test stop

Table 7.2-1: Flexural test results of unidirectional XAS/914C.
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Figure 7.2-2: Typical stress-strain curves for four-point bending tests; (a) standard
loading rollers; (b) plastic padded loading rollers.
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The striking result of these tests, observed earlier by Kretsis (1987) and Wisnom (1991)
was that padding of the rollers changes the failure mode and increases the failure load by
over 20%. With unpadded rollers failure was of a compressive nature above the loading
rollers resulting in complete separation of the test piece. The plastic coated loading
rollers, however, promoted tensile failure of the composite initiated, again, above the
loading rollers and causing a brush-like appearance of the test piece. Remarkably, the
failure process was gradual and, even when the test was continued (test piece #4) after
tensile failure of the surface layers had occurred, compressive failure could not be
provoked. Thus, a compressive strain of 2.65% was recorded with no sign of
compression damage before the test was finally stopped. Both failure modes are shown
in Figure P-17.

Table 7.2-2 summarises failure stresses calculated from ASTM D790M using
Equations 7.2-1 and 7.2-2 (first and second column) and failure stresses calculated from
the strains at failure - at first failure in the case of padded rollers - using the expression for
the stress-strain curve given in Equation 7.1-1 (third and fourth column).

No Oy Os corr o (£t+) o (£c+)
[MPa] [MPa] [MPa] [MPa]
1 1645 1592 1737 -1507
8 =9mm
2 1737 1680 1883 -1585
3 =9.5mm
3 2043 1952 2343 -1876
8 =12.5mm
4 2068 1972 2212 ~1787
é =13mm :

+ . .
strains at first failure

Table 7.2-2: Ultimate surface stresses at specimen centre in four-point bending tests.

In the following only the results achieved with the padded loading rollers will be
discussed as the test pieces tested with standard rollers appear to have failed prematurely.

Due to the nonlinear stress-strain relationship there is a discrepancy of approximately
20% between compressive and tensile surface stress at failure, whereas the difference in
strains is less than 10%. Significantly, both failure strains, the tensile as well as the
compressive, are higher than the values gained in individual tension and compression
tests. There are several possible reasons behind this phenomenon:
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1. Longitudinal stress concentrations caused by load introduction are small in four-
point bending tests.
As the finite element analysis has shown, realistic longitudinal stress
concentration factors are likely to be of the order of 1.1 to 1.2 in axial tests.
Local contact stress concentrations, particularly on the compression side, are
minimised by the use of plastic sleeves in the four-point bend test. They play
an important role when small diameter steel rollers are used.

2.  Shear stress concentrations caused by load introduction are small in four-point
bending tests.
The presence of shear stresses is believed to lower the compressive strength
of a composite (see Chapter 11) .

3.  Small volume of material is under maximum strain.

Only the surface layers of the beam are subjected to maximum stresses.
Wisnom (1991) observed a significant size effect in flexure tests. In
particular, it was found that larger specimens failed in compression rather
than in tension as the smaller ones. However, size effects are difficult to
quantify experimentally. All testing hardware has to be scaled as well as the
test piece. But increasing the thickness of the test piece increases the overall
layer misalignment, during laying-up as well as in the curing process. Also,
the fibres themselves are not scaled, so that identical stress conditions, where
the load is introduced, are not obtained. This would mean that the size effect
in compression is a structural rather than a material property, which explains
why Weibull strength theory cannot be applied satisfactorily to compression
failure of composites.

4. Three-dimensional stress state is present in the test piece.
Compressive through-thickness stresses possibly suppress a lower strength
mode of failure. It can be argued that compressive through-thickness stresses
cause tensile in-plane stresses with the opposite effect on compression failure.

All these factors might contribute to the high failure strains, in particular in compression,
realised in XAS/914C. The absence of severe stress concentrations (topic 1 and 2) are
probably primarily responsible. This will be discussed further in connection with
supporting experimental results from other tests in Section 9.6.
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7.3 Interlaminar Shear Strength Tests

Short beam shear tests have been carried out on a range of materials for which
compression data were available. The test according to CRAG is very simple and results
usually exhibit low scatter. Figure 7.3-1 gives details of the specimen and jig used.

L Loading and support
l roller diameter: 6 mm
O]
20— | Z
Nominal thickness: 2 mm <15

Figure 7.3-1: Specimen and jig dimensions for the short beam shear tests.

Assuming a parabolic distribution of the shear stress through the laminate thickness, with
the maximum in the centre plane and vanishing shear stresses at the surface, the
interlaminar shear strength (ILSS) S; is determined as:

Sy = 0.752% (7.3-1)
Wi

where P, is the ultimate load, and w and ¢ the width and thickness of the test piece,
respectively. It has to be noted that the laminate thickness of the test pieces in these tests
was measured as fabricated (see Chapter 3).

The results of the short beam shear tests are summarised in Table 7.3-1 below. The
abbreviations used are:

XAS1914C
ST2: XAS/914C 16-ply, standard peel ply.
ST3: XAS/914C 16-ply, standard peel ply, different panel to ST2.
PP2: XAS/914C 16-ply, peel ply: non-porous PTFE coated glass fabric with
smooth surface; no compression data available.
XASI1913C
MSC89: XAS/913C, 16-ply, prepreg out-of-date and undercured to an unknown
extent.

MTSC90: XAS/913C, 16-ply, prepreg out-of-date; normal cure.
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Apollo 43-750/9106C

01: Apollo 43-750/9106C, 16-ply, fibres not surface treated.
X1: Apollo 43-750/9106C, 16-ply, 10% of standard fibre surface treatment.
L1: Apollo 43-750/9106C, 16-ply, 50% of standard fibre surface treatment.
Cl: Apollo 43-750/9106C, 16-ply, standard fibre surface treatment.
E-Glass fibre/Nylon
23/9: Pultruded E-glass/Nylon, 9-ply, 23% fibre volume fraction.
29/8: Pultruded E-glass/Nylon, 8-ply, 29% fibre volume fraction.
35/8: Pultruded E-glass/Nylon, 8-ply, 35% fibre volume fraction.
i Sample ILSS (Mean) [MPa] Op-1 [MPa] Cvi%]
XAS/914C
ST2 114.3 3.1 2.7
ST3 109.3 2.7 2.4
PP2 115.4 3.5 3.1
XAS/913C
prepreg had exceeded shelf life
MSC89 46.6 5.2 11.2
MTSC90 96.2 2.4 2.5
APC-2 (AS4/PEEK)
APC 124.5 0.7 0.6
Apollo/9106C
01 727 (78.5)F 2.6 35 (21)F
X1 99.2 (103.0)* 4.6 4.7  (L6)*
L1 110.4 (109.0)* 2.2 20  (3.5)F
Ci 112.7 (116.0)* 2.4 2.1 (4.5)*
ICI ‘Plytron’
23/9 73.8 4.4 6.0
29/8 90.4 2.5 2.8
35/8 94.7 1.2 1.3

* Courtaulds Values

Table 7.3-1: Summary of ILSS results using the CRAG short beam shear test

method, test speed 1.5 mm/min ; each sample included five test pieces.
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CRAG specifies a flexural failure mode as invalid. The interpretation of failure modes
was found to be difficult. Interlaminar failure often was accompanied by fibre kinking as
shown in Figure 7.3-2. Compressive failure is promoted by the loading roller, and
results are likely to be different for different roller geometries or when the roller is
padded, as described for the 4-point bend test. Since shear deformation, as depicted in
Figure 7.3-2 (a) and (b), is found in all test pieces the compression kinks can be thought
to be secondary effects. This is because after interlaminar failure bending deformation
increases thus increasing compression surfaces stresses.

APC-2 test pieces did not fail catastrophically but by shear yielding as shown in
Figure 7.3-2 (b). The test usually was stopped only because deflections became too
large and the test piece was jammed between the rollers. Since compression kinks were
found in these test pieces, as well as in the epoxy ones, it is suggested that compression
failure was not primary and the values obtained are representative for the interlaminar
shear strength. It is important to note here, that if failure is triggered by compression
failure, a correlation of the compressive strength of the material and ILSS 1s obvious and
does not prove the influence of shear properties on the compressive strength.

On almost all glass fibre-reinforced nylon specimens relatively large tensile failure
zones under the roller were found indicating a flexural rather than a shear type of failure
(Figure 7.3-2 (c)).

Interlaminar
shear failure Compression kinks

E/ —vl g (a)

Compression Kinks

(b)

L N ©

Tension failure

Figure 7.3-2: Ilustration of failure modes of short beam shear test pieces.

Keeping in mind what was said above it appears that fibre surface treatment, as expected,
has a pronounced effect on the ILSS (although not on the compressive strength for this
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material as shown in Chapter 6). The results are in reasonable agreement with the
Courtaulds values. The influence of exceeding the shelf live of the prepreg and
undercuring cannot be assessed accurately since it is not known by exactly how long the
life was exceeded (estimate: several months), or to what extent the laminate was
undercured. But it can be said that there is a significant influence*, particularly of the
undercuring, which, of course, is obvious.

Nevertheless, the tests are meaningful since the objective is to compare ILSS and
compressive strength (Section 9.5). The highest ILSS results were obtained for APC-2,
largely a consequence of very high shear strains which can be achieved with APC-2. In
Figure 7.3-3 a few typical ‘maximum shear stress’ versus crosshead displacement curves
are presented. The shear stress for these specimens is calculated using Equation 7.3-1,
replacing the ultimate load by the instantaneous load. Here it can be seen that APC-2
actually yields noticeably at lower stresses than the epoxies, but because there is no
sudden failure, possibly because of a stronger interfacial bond, higher ultimate stresses

are achieved.
150
XAS/914C

g 1004 APC-2

=
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Figure 7.3-3: Some typical ‘shear’ stress-displacement curves from short beam shear
tests.

* Ciba Geigy value: approximately 100MPa for both XAS/914C and XAS/913C
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7.4 In-plane Shear Stress-Strain Response

In-plane shear properties are difficult to-measure. The variety of methods reflects this fact
and so far a unique method has not b%greed on. A simple and widely accepted method
is the tension test of a +45° lay-up. CRAG and ASTM, for example, specify this test for
determination of in-plane shear properties. Tests in the present investigation are based on
the CRAG recommendation. Test piece dimensions are shown in Figure 7.4-1.

1 % Figure 7.4-1: Test piece for determination
of in-plane shear properties.

The lay-up used was [(+45°)4]s, 1.€. 16 plies
and a nominal thickness of 2 mm. Tests were
carried out for APC-2 and XAS/914C. During

ﬂﬂﬂ/ g‘;(:z; es train the test axial and transverse strains £,y and g,
200 are recorded and shear stress z and shear strain
Trar}sverse ¥, assuming a pure shear stress state, are cal-
strain gauge
culated as:
7= 0.5P/A (7.4-1)
and
Y= Eax~ &y (7.4-2)
Nominale thickness: onck A\s Fue Cross -
mm : . . : sectiomal,
where P is the applied axial tensile load, The ﬁckfl_M
assumption of a uniform pure shear stress state
— 25 [~ in the 45° direction, of course, is an

approximation, since the in-plane shear
stresses at the specimen edges must be zero. Near the edges a complex three-dimensional
stress state is to be expected. ‘Scissoring’ of the plies under tension causes the ply angle
to change from 45° to lower values causing additional stress components. The absolute
stress values should therefore be disregarded as a direct measure for the in-plane shear
strength. Nevertheless, it is believed that the in-plane shear behaviour at moderate strains
is reflected adequately by this method and therefore employed for lack of a better one.

The strain gauge circuit only allowed recording up to about 3.5 % axial strain so
that consequently the shear strain recordings are limited to about 7%. This poses no real
limitation as the portion of the shear stress-strain curve needed for later analysis is
basically the one below 3 % shear strain.



Chapter 7 Mechanical Characterisation 149

Figure 7.4-2 shows the five shear stress-strain curves obtained for APC-2 test pieces. In
contrast to the compression stress-strain curves these curves exhibit some scatter in their
characteristics. Particularly for specimen #5 a flatter curve than for the other four was
obtained.

120
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<£ | #3
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APC-2
20 - #4
Vi = 60%
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Figure 7.4-2: Typical shear stress-strain curves of APC-2 obtained by tension of a
+45° test piece.

The next figure shows the results for XAS/914C. Six specimens in total were tested, the
test speed again being 5 mm/min for specimens #2 to #6 as for the APC-2 specimens.
Specimen #1 was tested approximately six months after the laminate was produced and
the result used in the early stages of the project. The rate of crosshead motion was
10 mm/min in this test. The curves of specimens #2, #3 and #4 (#4 is tested only to the
yielding point) are remarkably close. Therefore, the difference to the curve of specimen
#1 seems surprising. Since #2 to #4 were tested approximately 24 months after laminate
production, ‘ageing’ effects cannot be excluded to explain the difference, although they
were stored in a vacuum oven. Viscoelasticity could also play a role making results
dependent on the test speed. The similarity of the slopes of the curves in the plasticity
zone, however, makes an influence of the test speed of the observed magnitude unlikely.

The curves for test pieces #5 and #6 clearly show the influence of moisture take-up
on the shear performance of the composite. The specimens were immersed in water for
approximately 10 months and assumed to be saturated.
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Figure 7.4-3: Typical shear stress-strain curves of XAS/914C obtained by tension of

a 45° test piece.
Material No | Ultimate shear stress Shear modulus
[MPa] 0.5% secant [GPa]
XAS/914C ‘dry’ 1 - 5.30
2 123 5.05
3 127 5.05
XAS/914C ‘saturated’ | O 139 4.53
6 140 4.53
APC-2 “dry’ 1 151 6.15
2 - 493
3 164 5.35
4 - 5.61
5 - 4.73

Table 7.4-1: Mechanical properties from in-plane shear tests.

Ultimate stresses and 0.5% secant shear moduli are listed in Table 7.4-1. From the few
results it can be deduced that moisture take-up reduces the shear modulus by
approximately 10%, but ultimate (apparent) shear stresses seem to be increased. APC-2
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shows the highest ultimate shear stresses, and the modulus is slightly higher than that for
XAS-914C. Since the shear curves are used in the analytical section, functions were
required to fit the experimental data. Fifth order polynomials were found to fit the data
satisfactorily in the range of 0% to 5%. Better representation of the curve characteristics

can be achieved with fewer coefficients by using exponential functions, e.g.
T=A+By+ Ce'+De? (7.4-3)

Both types of curve fit are illustrated in Figure 7.4-4.
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Figure 7.4-4: Polynomial and exponential curve fits to a typical shear curve.
Table 7.4-2 shows the coefficients of Equation 7.4-3 for the curves chosen as being

representative. The curve of APC-2 test piece #4 has been chosen since it is almost
identical with the mean curve fit of all APC-2 specimens.

Test piece Condition A B C D
XAS/O14 #1 ‘dry’ 74.82 4.02 -97.77 22.69
XAS/O14 #2 ‘dry’ 71.27 3.66 -91.52 20.11

XAS/914 #5/6 | ‘saturated’ 53.59 3.52 -47.50 -5.81
(mean)
APC-2 #4 ‘dry’ 57.29 4.66 -44.26 -12.75
Table 7.4-2: Coefficients of representative shear stress-strain curve fits.
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Finally, the representative shear stress-strain curves are shown in Figure 7.4-5. Direct
comparison of the XAS/914C and the APC-2 confirms the trend observed in the short
beam shear tests. The APC-2 specimens yield at lower strains but reach higher stress
levels at high strains (Table 7.4-1). The initial shear stiffness of APC-2 is slightly higher
than that of XAS/914C.
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Figure 7.4-5: Representarive shear stress-strain curve fits for XAS/914C and APC-2.
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CHAPTER 8 QUANTIFICATION OF
FIBRE MISALIGNMENT

The importance of fibre alignment for the compressive strength of continuous fibre
composites has been pointed out earlier. In this chapter an approach to characterise and
quantify the alignment of fibres within various composites is presented.

8.1 Description of the Technique

Basically, the technique proposed by Yugartis, 1987, is applied. It will be described
briefly below and for simplicity the symbols in Yugartis' paper are used.

The technique is based on the simple observation that a plane section of a straight
circular fibre is an ellipse.

"‘*@?/ Fibre
w=90°
7/ w = 45°
w
/]
w=15°
——

Figure 8.1-1: Cross-sections of circular fibres sectioned at different angles.

The smaller of the major axes equals the fibre diameter when the sectioning plane is
perpendicular to the fibre plane. The angle of the cutting plane (see Figure 8.1-1) and the
length of the longer major axis are related by:
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i d
sinw = 7f (8.1-1)

where df is the fibre diameter and / the major axis of the ellipse. The idea is then to
evaluate the distribution of fibre angles within the composite by determining the axis
ratios of a sectioned sample. Figure 8.1-2 defines the angles when regarding a sectioned
composite.

Main fibre direction

OO
A
Fibre segment Sectioning plane
¢
w
¢PC =5

Figure 8.1-2: Definition offibre angles in a sectioned composite sample.

As implied above, two assumptions have to be made to get valid information: firstly,
fibres are straight over short sections of at least twenty fibre diameters and, secondly,
fibres have a circular cross-section and equal diameters. The first assumption is justified
regarding Figure P-21 where a reflected light microscopy photograph of unidirectional
XAS/914C is shown. The assumption of circular fibre cross-section is justified from
Yugartis’ measurements. The distribution of fibre diameters was judged to be narrow
with a standard deviation of approximately 5% of the mean fibre diameter.

The choice of the sample intersection angle ¢pc is of great importance since it
determines the resolution of the technique. Figure 8.1-3 illustrates that the angle should
be as small as possible. The limit here is that the assumption of straight segments is less
likely to be fulfilled for long intersections. On the other hand, it must be larger than the
greatest expected misalignment angle as the technique fails for w < 0. Figure 8.1-3
shows conspicuously that the chosen angle of 5 degrees offers good resolution on both
sides of the intersection angle. For greater intersection angles the resolution would be
very low for greater fibre angles, say 10°.
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Figure 8.1-3: Ilustration of the sensitivity of the technique to the sample intersection
angle.

In the present investigation the practical procedure starts by sectioning a composite
sample of a typical thickness of 2 mm at an angle of approximately 5°. The sample is then
cast in polyester resin and polished carefully. Care has to be taken that the polished
surface remains flat, i.e. that all fibres are sectioned at the same angle. Proper polishing
is a prerequisite for a meaningful fibre angle analysis. Over-polishing can damage the
edges of the elliptic fibre cross-sections. Insufficient polishing on the other hand results
in part of the cross-section being left concealed under resin. Figure P-20 gives examples
of micrographs taken from samples used in the present investigation. Note the variation
of the cross-sections of intersected fibres in different layers and within a layer as well.

The next step is the determination of the aspect ratios of the elliptic fibre cross-
sections. This was done in the present study in a semi-automatic way by using an image
analyser. For this purpose the sample was placed under a microscope and a video camera
attached to it transmitted the image to an image analyser. On the screen of this the image
can then be processed using an external drawing board and various software features.
Ideally the objects, which are the individual fibre cross-sections in this case, should be
clearly distinguishable from the background. In practice this is very difficult to automate
since all information is digitised and the computer cannot interpret the information as the
human eye can. It is, therefore, necessary that the identified objects can be treated
individually as illustrated in Figure 8.1-4. This increases the capability of the system
significantly.
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Coherent objects
can be separated

Polishing artefacts can be
corrected in some cases

Separated sections Qddly shaped objects
can be joined can be excluded

All modifications are subject to the condition that major axis lengths are not falsified

Figure 8.1-4: Possibilities of manipulating objects using an image analyser.

Most important is the initial setting of thresholds which requires some experience in order
to achieve repeatable results. Although the resolution is limited, the image analyser was
found to be a powerful tool. The limitation of the resolution is basically the pixel size of
the screen which, with the chosen settings, was about 6% of the fibre diameter.
Therefore, it was thought that the measurement of the aspect ratios was more accurate
than assuming a constant fibre diameter and measuring the ellipse lengths only. Usually
1000 values per sample were measured by scanning the sample, avoiding double
scanning. The data were then stored on disc and further processed by a FORTRAN
program on a PC. After filtering and correcting the data for distortion of the video camera
the next program steps are:

- Calculation of the angle w from Equation 8.1-1
= Sorting of the angles w; into class intervals
A class interval width of half a degree was chosen in agreement with Yugartis’ work.

The width is not a critical parameter and can be changed easily in the program if it is felt
necessary.
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The distribution of relative fibre angles is now available in the form of a discrete
distribution as illustrated in Figure 8.1-5 for XAS/914C.
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Figure 8.1-5: Classification of relative fibre angles.

Yugartis proposes a correction for counting bias since in a limited observation area
smaller objects are more likely to be counted than large ones. The correction yields:
N;

Jv(w) = ;l;tan_(u,_

N (8.1-2)

7 tanw;

where fy(w;) is the volume fraction of fibre at an angle w;; w; and n; are class interval
mean and number of values within a class interval, respectively, and m is the total number
of class intervals.

8.2 Statistical Data Analysis

After correcting for counting bias, the distribution of the fibre orientation is given in the
form of a discrete function as illustrated in Figure 8.2-1.

If the distribution is symmetric the transformation from the relative angle w to the
fibre angle with respect to the main zero direction ¢ is simply (see Figure 8.1-2):
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¢ = ©- dpc (8.2-1)

where ¢pc is the mean of the distribution fy(w). As pointed out by Yurgartis, the
assumption of a symmetric distribution is reasonable. Any distortion of the distribution is
due to the fact that negative angles of w, i.e. angles anti-clockwise greater than the angle

of the cutting plane are counted as positive. Consequently, this does not cause a problem
as long as most of the fibres are oriented within +¢pc, which can be assumed for high
performance composite systems. However, if the distribution is wider the procedure
outlined above should only be taken as an approximation. Ideally, the intersection angle
¢pc should then be increased. But one could find oneself in a trade-off situation since the

resolution decreases rapidly in this range of angles as mentioned earlier.
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Figure 8.2-1: Untransformed corrected discrete distribution of fibre angles.

Generally, the mean of a discrete function of m class intervals with a mean of x; and the
relative class frequencies Fis given as:

%= D7 0x, (8.2-2)
i=1
with
Shm) =1 (8.2-3)
i=1
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Applied on the distribution of fibre angles, the mean fibre angle relative to the sectioning
plane becomes:

(_U = E V(wl )wl (82-4)

As in Equation 8.1-2, fy (w; ) denotes the volume fraction of fibre at an angle w;. w;

being the class interval mean.

The distribution can now be transformed with the mean of the distribution becoming
the origin of the transformed distribution. Since the distribution mean generally does not
coincide with a class interval mean, the class values have to be redistributed. Equally
distributed values within a class interval of the discrete function are assumed for this
purpose. The value of the transformed class interval is then calculated from relevant
proportions of the untransformed class intervals it overlays (see Figure 8.2-1):

Jvi =(1—Wic) Jvj +(;a;) Lie1 (8.2-5)

where a is the difference of distribution mean and the next smaller class interval mean and
wc s the class interval width.

Finally, it is necessary to characterise the form of the distribution. The simplest
approach is to do so by determining the standard deviation, a large standard deviation
being an indication of poor overall alignment whereas a smaller one would characterise a
more narrow angle distribution. Physically the standard deviation could be regarded as a
mean value of fibre misorientation.

Using the notation from above, the variance of a discrete distribution may be
expressed as:
o, f () (x - %) (8.2-6)

-1

¥ Ms

where 7 is the total number of values in all class intervals. The standard deviation is the
square root of the variance. Since the number of measured values in the present
investigation is around 1000, the fraction in Equation 8.2-6 can be neglected so that one
obtains for the standard deviation of the fibre angle distribution:

L

@:f(w, (1 - )2) (8.2-7)
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In the present study the standard deviation was calculated using the values of w only
within the interval +¢pc  The reasoning behind this is that a few strongly misaligned
fibres might have no physical significance, i.e. they might not affect average mechanical
properties, but they would disproportionately influence the standard deviation. As
discussed before, this is only a constraint in the case when the measured distribution is an
approximation because of the condition w<¢pc. For most high quality prepregs the

calculation is justifiable.

The following alternative of characterising the distribution is proposed by the present
author. Positive and negative class interval values are added. This is justified since the
described method does not correlate fibre angle and location, therefore positive and
negative values are of equal status. The fraction of fibre volume oriented at angles t¢; is
obtained as:

S D=t (&) +fy (=) (8.2-8)
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Figure 8.2-2: Absolute fibre angle distribution used for determination of a
representative mean deviation from the zero direction.

The mean angle is determined from this, now non-symmetric, distribution (see Figure
8.2-2) as:

o= 2 f (¢)¢ (8.2-9)
i=1
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This is equivalent with applying Equation 8.2-4 on the transformed distribution replacing
w; with the absolute value of ¢; . The only difference is that the class intervals in the
distribution above are redistributed in order to include the centre class interval and to use
equal class interval widths. With smaller increments this step is not necessary.

So far, only in-plane fibre misalignment has been discussed. Clearly, fibres are
misaligned in space, 1.e. out-of-plane misalignment has to be considered as well. As
Yugartis showed, both cases of misalignment can be examined separately by choosing
appropriate intersection angles. In the present investigation only in-plane misalignment
was investigated since it was thought that due to lower fibre constraint in the layer plane
in-plane misalignment is the more serious one. This is confirmed by Yugartis’
measurements, who found that the out-of-plane fibre misalignment of cured APC-2
laminates is significantly lower than in-plane misalignment. However, for other systems
this should be the subject of further investigation.

A more fundamental problem with the method for determination of fibre
misalignment as described above is the fact that from the final distribution of fibre angles
the shape of fibre misalignment is not known. In particular, there is no distinction
between ‘intrinsic’ short wave length fibre misalignment and misalignment of a whole
layer, e.g. caused when laying up. Scanning of an individual layer within a sample
should give an estimate of the average lay-up misalignment. This, again, is a topic for
further investigation. In the present investigation the lay-up error is estimated to be about
10.25°, as mentioned in Chapter 3.

8.3 Results for Several CFRP Systems

In-plane analysis has been applied on six different systems for which compression data
were available: XAS/914C, AS4/PEEK (APC-2), Apollo 43-750/9106C with 4 different
levels of fibre surface treatment: 0%, 10%, 50% and 100% of the standard surface
treatment. For the XAS/914C composite a comparative analysis was carried out
measuring the ellipse aspect ratios manually from micrographs using a vernier caliper.

Figure 8.3-1 shows the transformed distribution of fibre misalignment for
XAS/914C using the image analyser. The distribution is nearly symmetric and narrow
with respect to the angle of the sectioning plane. For this case the choice of the
intersection angle is certainly adequate, and one could even reduce the angle to about 3
degrees to gain a better resolution. A cumulative plot of the above distribution is given in
the following Figure 8.3-2. From this it can be seen that about 90% of the fibre volume
lie within +1.5 degrees of the main fibre direction.
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Figure 8.3-1: Fibre angle distribution for XAS/914C using an image analyser.
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Figure 8.3-2: Cumulative fibre angle distribution for XAS/914C.

In Figure 8.3-3 the comparison between image analyser and manual measurement is
presented. 270 cross-sections were evaluated manually and 1000 with the image
analyser. The agreement of the two methods is surprisingly good bearing in mind that the
resolution of both procedures is different.
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Figure 8.3-3: Comparison of image analyser and manual measurement.

The distribution for APC-2 shown in Figure 8.3-4 is clearly wider (o= 1.53°) than the
one for XAS/914C (Figure 8.3-5), though still fairly symmetric. Part of the reason for
the wider distribution might be poor layer alignment in APC-2 as the laying-up of
thermoplastic prepregs is somewhat more difficult than laying up tacky epoxy ones.
However, comparison of the micrographs of XAS/914C and APC-2 would suggest that
‘intrinsic’ fibre waviness is more pronounced in the thermoplastic.

The value for the standard deviation determined in this investigation lies between the
values measured by Yugartis (1987) and Mrse and Piggot (1990). Using the same
method, they determined the standard deviation of the fibre angle distribution of
unidirectional APC-2 as 1.94° and 1.36°, respectively.

Finally, the results for the Apollo fibre composites are shown in Figure 8.3-6.
Again, the distributions seem to be reasonably symmetric, with the exception of the
material containing non-treated fibres (0%). In this case approximately 10 % of the fibre
volume was outside the angle window of £5°. The distributions of the Apollo samples
seem to be similar to the APC-2 results apart from the 10% one which is more narrow.
This is clearly reflected in the distributions’ standard deviation listed in Table 8.3-1.

In the following chapter the correlation between the fibre misalignment, as
determined here, and compressive strength will be discussed.
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Figure 8.3-4: Fibre angle distribution for AS4/PEEK (APC-2).
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Figure 8.3-5: Comparison of fibre angle distribution for AS4/PEEK and XAS/914C.
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Figure 8.3-6: Transformed fibre angle distributions for Apollo 43-750/9106C
containing fibres with 0%, 10%, 50% and 100% surface trearment.

Fraction of | Mean angle of Standard Mean of
Material fibre volume | untransformed | deviation of | distribution of
included in the | distribution transformed | absolute angles
analysis distribution
2fvi (%] w [deg] o [deg] ¢ [deg]
XAS/914C 99.9 5.29 1.01 0.81
APC-2 97.6 5.49 1.53 1.21
Apolio 0% 90.2 5.28 1.40 1.08
Apollo 10% 99.9 5.25 1.12 0.87
Apollo 50% 99.7 5.24 1.34 1.07
Apollo 100% 99.6 6.12 1.52 1.17
Table 8.3-1:  Results of the statistical analysis of fibre angle distributions.
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Figure 8.3-7 summarises the results in the form of cumulative plots of the distributions.
The better aligned composites are distinctly recognised by their steeper curve. In Figure
8.3-8 a summary of the incremental distributions of the absolute angles is shown.
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Figure 8.3-7: Results of the fibre angle analysis,; cumulative plots.
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CHAPTER 9 DISCUSSION OF
EXPERIMENTAL FINDINGS

9.1 Proof of Proposed Test Method

In this section some of the experiences gathered with the proposed test method will be
described and discussed. This will lead to an assessment of the feasibility of the method.

Frictional effects

A major fixture-introduced effect which has to be considered with compression testing is
friction. As mentioned previously, friction might give misleading results for strength as
well as for the modulus of elasticity. Jamming of the specimen because of transverse
deformation when using the modified ASTM D695 method, for instance, can add an
unknown load to the overall load, thus falsifying the strength as well as the modulus .

The influence of friction in the proposed ICSTM method was estimated by
determining the axial modulus of elasticity of a unidirectional test piece and arranging the
end blocks in different ways, as illustrated in Figure 9.1-1.

O = O] |O _ O
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Figure 9.1-1: Hlustration of test fixture arrangement for assessment of frictional
effects.

The eccentric position of the test piece would increase any friction and lead to an
increased apparent modulus, if significant. In the standard position the measured
modulus for a particular specimen varied approximately +1% when the test was repeated
and the same procedure of determining the modulus was used. For the three positions
illustrated in Figure 9.1-1 the following values were determined as the mean of three tests
each:
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Position Modulus [GPa]
(@) 111.1
(b) 111.6
(c) 109.5

These results were within the usual scatter and, since friction would lead to an increased
rather than reduced apparent modulus, they indicate that there is no significant frictional
influence to be taken into account using this fixture. The four-pillar die set obviously is
very well suited for ensuring axial loading.

At this point, a note on the measurement of the axial modulus of elasticity will be made.
It was noticed that the method of modulus determination can substantially influence the
result. Graphical determination from the stress-strain curve, for instance, can result in a
difference of up to 5% from values calculated from curve fits, even when care is taken to
be precise. The order of the curve fit plays a role as well. Figure 9.1-2 (b) illustrates
how even small friction at the first instance of loading can influence the value of the
modulus if the initial part of the curve is not disregarded. In some cases this was found
to falsify the result, particularly when using the CRAG method. It is therefore
recommended to inspect the stress-strain curve before the modulus is determined and to
extrapolate the linear portion if necessary. The situation is more difficult if friction is
proportional to the load, Figure 9.1-2 (¢). The curve cannot then be corrected since the
amount of friction is unknown, stressing the need to minimise frictional effects.
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Figure 9.1-2: Effects of friction on the apparent modulus of elasticity.
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Reproducibility

In order to gain some information on reproducibility of results using the ICSTM method a
young student not experienced with testing, but familiar with the testing machine, was
asked to conduct compression tests independently, using the ICSTM method with
standard test pieces. The specimens were supplied and only a brief introduction to
handling of the test rig was given.

The student carried out the five tests in less than one hour, the test pieces not being
equipped with strain gauges, producing a mean UCS of 1653 MPa* with a coefficient of
variation of 2.4 %.

The results of the testing short course (Section 6.1) indicate a similar tendency: the
ultimate compressive stress measured using the ICSTM method is largely independent of
the tester's influence. However, it has to be noted that test piece preparation might
influence the results as pointed out earlier. The results of these tests are compared with
the results from the parametric study gauge length (Chapter 5) in Figure 9.1-3 (see also
Table T-34).
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o Baseline data from parametric study gauge length [G10]
500 A A One'inexperienced' student [LC]
o IC short course, 8 different operators [SC 89]

Ultimate Compressive Stress (Mean) [MPa]

Error bars indicate standard deviation

Figure 9.1-3: Influence of operator on the test results using the ICSTM method.

* Specimen thickness was measured as produced; therefore, the UCS values should be corrected as

proposed in Chapter 3.
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Note that the variation of the standard deviation of test results as depicted in Figure 9.1-3
is not typical. The samples G10 and LC exhibited scatter of results above and below
average (coefficient of variation Cy = 8.6% and 2.4%, respectively) which can most
probably not be attributed to operator influence since both were carried out by only one
operator at a time. From the different familiarity with the test the opposite trend in the
scatter of results would have been expecned.

The influence of specimen production was demonstrated by testing of three
specimens produced by a Birmingham University student**. The test pieces were tabbed
individually and specimens #1 and # 2 were not machined after end tab bonding. The
mean value of the three tests (see Table T-29) was 1500 MPa. Whilst it is not clear
whether the condition of the laminate (moisture content, volume fraction etc.) influenced
the result it is felt that specimen production as specified in Chapter 3 will certainly lead to
better reproducibility.

With regard to the variation of results observed with other methods, it can be
concluded that the proposed method improves repeatability and reproducibility of
compression tests.

Clamping constraints

Through-thickness stresses are suspected of promoting compressive failure at the tab tip.
Using the ICSTM method, these stresses can be controlled to a certain extent by the
torque applied to the clamping bolts of the end blocks. In the standard tests the applied
torque was 10 Nm to the bolt near the loaded specimen end and 5 Nm to the bolt near the
gauge section. These values were purely empirical, but proved to yield satisfactory
results. A torque of 5 Nm was regarded as being just sufficient to align the test piece
sufficiently without straining the gauge section.

In a series of tests the influence of the torque on the ultimate compressive stress was
determined. The bolt torque on the specimen end was held constant whereas the torque
on the ‘inner’ bolt was varied between 5 and 30 Nm. Figure 9.1-4 shows the results of
this investigation. For torques higher than 15 Nm a large drop in the compressive
strength is apparent. The value for 20 Nm is about the same as that measured with II'TRI
and CRAG methods in most cases. This again demonstrates that the method of load
introduction used by the ICSTM method reduces stress concentrations leading to higher
overall failure stresses.

** Laminate and test pieces produced at Birmingham University.
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Figure 9.1-4: Influence of clamping pressure on apparent compressive strength using
the ICSTM method.

It cannot be argued with certainty whether the reduction of compression strength is due to
through-thickness deformation or to additional shear loading and suppressing tab tip
debonding. Whatever the reason, the point is made clear, that a loading condition, as
present in the indirect compression methods, reduces the measured strength.

Versatility

The compilation of test results in Chapter 6 proved the versatility of the proposed method.
Various kinds of composites have been tested successfully, and the results gained are
believed to be meaningful. Testing in general was fast and efficient and problems of
removing the fractured test piece occurred only occasionally. The relatively unrestrained
access to the specimen was found to be useful when strain gauges were used. Also, the
alignment of the blocks could be checked during the test and in some cases, e.g. when
testing the woven cross-ply GRP, the gap between the blocks allowed the observation of
the initiation of failure.

Assessment of results

Finally, some more general observations regarding irregularities in the stress-strain
curves, which give the tester valuable information on the validity of the test, are
described. Figure 9.1-5 shows typical stress-strain curves, which were all frequently
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observed, and combinations thereof, when using the ICSTM method. Most of the curves
shown have also been observed when using other methods. It is clear from these
observations that without the knowledge of the stress-strain curve up to fracture the test
result loses much of its value. Therefore, it is suggested that the test piece must be
instrumented with strain gauges in order to be able to assess test results, otherwise the
results produced might be meaningless. And it is strongly recommended to use a ‘gauge
specimen’, i.e. for instance a strain gauged machined steel test piece, to identify any
misalignment of the compression fixture before testing.

P .
erfect Bending Buckling
/ ///’
'Self centering' Unsymmetrical
tab tip debonding tab debonding

Figure 9.1-5: Some rypical compressive stress-strain curves observed using the
ICSTM method.

Conclusions

In conclusion, the proposed method proved to be very easy to use. The versatility for a
range of different test pieces and testing conditions has been shown. Frictional effects
can be neglected and in general test piece constraints are reduced. Repeatabilty of test
results was good and, as far as preliminary results show, reproducibility is also good.
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9.2 Influence of Test Method

Many authors have addressed the topic of influence of the test method on the measured
compressive strength of a composite. This was evident in the literature review in
Chapter 2. In Chapter 5 the factors thought to influence the test result were summarised
and discussed. It was suggested that a combination of all the factors given can account
for the variation of test results.

In this section an attempt will be made to assess test method-typical influence from
the experience gathered during the project, although it was often found difficult to
distinguish between general parameters, e.g. care in specimen preparation or experience
of the operator, and features which can be attributed to a particular test method.

Figure 9.2-1 summarises all axial compression test results for XAS/914C obtained
in the present investigation. It should be noted that all test pieces, apart from the one used
in the Birmingham method, were tabbed with square, i.e. non-tapered, GRP tabs.
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e CRAG2 A ASTMZ m BAe? ® ICSTMDELST

. CRAG3 % Birmingham = BAed (Improved specimen)
o NTRI

Figure 9.2-1: Results of tests carried out in the present study for the compressive
strength of XAS/914C using different test methods and specimen
configurations, abbreviations as in Table 6.1.1-1.
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There are clear trends as indicated in Chapter 6. Indirect methods yielded low results
compared to the methods where the load is partially introduced by shear and partially
through the end. Slight changes in specimen clamping resulted in changes of up to 30%
of the measured compressive strength. These results suggest that there is too much
variation possible and since there is no consensus on a general optimum design the
indirect methods of current specification are not recommended for testing practice. Odom
and Adams (1990) report high results for using test pieces with steel tabs. This would
indicate that factors such as tab debonding as observed with the ICSTM method play an
important role as well when using other test methods.

The results presented are in general agreement with results reported in the literature.
Figure 9.2-2 shows some of the published data for XAS/914C using different test
methods.
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Figure 9.2-2: Published test results for the compressive strength of XAS/914C using
different test methods and specimen configurations.
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The only exception is the high result attributed to the modified Celanese. This result was,
as mentioned earlier, reported by a German company using a specimen of only 4 mm
gauge length. Further evidence that the variation of data gained using one particular test
method can be greater than the variation between methods is the range of results reported
for the IITRI method using AS4/3501 as specified in Chapter 2. In other words,
although repeatability of test results may be given, reproducibility when using indirect test
methods can be quite poor.

The ICSTM method yielded the highest results in the present study when using the
standard specimen. Results were further increased when the improved test piece with
debond inserts was employed. And, importantly, the results were consistent. They
seemed only weakly dependent on test piece parameters as long as premature buckling of
the test piece could be avoided. Also, experience from testing practice, summarised in
Section 9.1, indicates that operator influence is minimised for this method, i.e. sensitivity
to slight alterations in the set-up seems to be small. This is thought to be a consequence
of reduced stress concentrations, particularly the ones caused by through-thickness
loading. The generally higher test results gained with methods using end-loaded
specimens would support this assumption.

Macrobuckling has been identified as a major problem in compression testing. Since
most test methods specify certain specimen dimensions, this is an important aspect when
assessing a method. On the other hand this is rather a problem purely of specimen lay-
out, stressing the need for strain gauge instrumenting of the test piece in order to get
meaningful results.

Concluding, it is felt that mixed end/shear load introduction is superior to load
introduction by shear alone, as long as end failures can be avoided. Indirect methods
seem to influence specimen failure by through-thickness loading. Tab tapering (or
modified gripping as specified in Section 4.1) is a compromise which unfortunately
conflicts with the requirements to avoid macrobuckling. This has been shown to be a
major problem with unidirectional composites.

If restrictions of industry are taken into consideration, data being based on the most
widespread standards, the BAe rig is recommended for use since it was simple to operate
and lacks the drawbacks of Celanese-type fixtures. With appropriate specimen design it
is felt that variations encountered when using different indirect methods can be reduced.

The proposed new method is the most promising of the examined methods, yielding
the most meaningful values with the least effort and low variability.
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However, considering limitations of coupon compression tests in general, as discussed in
Section 5.6, more work is necessary to qualify other methods where the slenderness ratio
of the test piece is not imposing severe restrictions, as, for example, with the IITRI mini-
sandwich beam (Kim and Crasto, 1990) or multidirectionally laminated test pieces.

9.3 Influence of Test Piece Parameters

Test piece parameters have been identified to play an important role when assessing and
comparing different test methods. Several test piece parameters, influencing the
compressive strength result when using the ICSTM test method, were examined directly
or indirectly as described in Chapter 5. The basic finding of this investigation was that,
except for the slenderness ratio of the test piece, other parameters influenced the test
results, mostly through debonding of tab tips. That meant that if a certain specimen type
was prone to tab debonding the measured result, i.e. the apparent compressive strength,
was higher. Stiff end tabs, for example, whilst causing high stress concentrations
debonded for just this reason and, therefore, reduced stress concentrations and led to high
strength results. Waisting of the specimen in order to minimise stress concentration, on
the other hand, was found to shift the stress where interlaminar failure occurred to
regions where disturbance of the balance led to catastrophic failure. The opposite of the
initial intention was therefore achieved. This hardly controllable mechanism was found to
override other parameters. It indicates the importance of stress concentration at the tab
tips. Tapering of the tabs, as mentioned before, was thought to be no solution since the
specimen slenderness ratio has a detrimental influence on the measured strength via
macrobuckling of the test piece.

Figure 9.3-1 simplifies these findings. It is an illustration of a plausible effect of
combinations of loading and properties of the tabbing on the test result, the ‘apparent
compressive strength’. The chart was found to be valid for the modified ASTM D695
and the ICSTM method and it is suggested to be applicable to other methods as well. The
effect of through-thickness loading when using the ICSTM method has qualitatively been
demonstrated in Section 9.1. The effect in other methods could be that of suppressing tab
tip debonding plus additional deformation of surface fibres. It is believed that a
significant portion of the variety of results quoted in the literature can be reduced to
dependence on these factors.

The introduction of the bond inserts is supposed to reduce the influence of tabbing
material properties. It was found that if the total axial tab stiffness is about one third of
the specimen stiffness end failure of the test pieces could be avoided. The stiffness of the
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tabs should be as small as possible. Tabs, therefore, should be as thin as possible from
the view of stress concentrations but stiff enough to prevent the specimen ends from
brooming. Thinner tabs are also preferred since they provide greater lateral stiffness and
therefore increase the buckling load of the test piece. Because the stress concentration at
the tab tips is controlled by a combination of factors it is difficult to predict a certain
effect. That is thought to be the reason for the high variation, as mentioned before,
particularly when the additional complication of macroscopic buckling is taken into
account.
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Figure 9.3-1: Effect of tabbing properties on measured compressive strength.

An important result of the study on the slenderness ratio was the finding that even
relatively short test pieces could fail by macroscopic instability. 10 mm was found to be
the minimum gauge length for a 16-ply laminate in order to have an unconstrained area.
It is suggested that specimens with debond inserts or specimens where delaminations
occur well before fracture (e.g. milled test pieces as described in Section 5.2.3) would
allow one to reduce the unsupported length to, say, 7.5 mm, because the weakly bonded
area experiences much lower constraints than when bonded. Unfortunately, these tests,
although prepared, could not be finished within the project. This should, therefore, be a
topic for further investigation.

The surprising fact that deliberately induced layer misalignment did not seem to
influence the result significantly is believed to be due to constraints of the test rig on the
specimen, as pointed out in Chapter 5. Flexural tests with specimens containing
deliberately misaligned fibres might give a more realistic picture of the influence of fibre
alignment on the compressive strength.

Generally, more investigations with the improved specimen are desirable. With the
findings of this work in mind it would be interesting to again examine the parameters
using an optimised test piece.
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To give a concluding summary, all results of the parametric investigation discussed in
Chapter 5 are shown in Figure 9.3-2 and listed in Table T-32.
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Symbols denote deviation from standard test piece (Figure 5.2-1):

O Gauge length 5.0 to 50 mm (G5-G50) ¢ Machined gauge section (SGG)

A Nominal thickness 1.5 mm (T12) + ditto + all surfaces ground flat (SGGF)

a Nominal thickness 1.0 mm, gauge @ [Initial tab debonds by bending (DEB}
length 7,5 mm (T8) O Tab debonds/PTFE tape (DELPT)

B Width 5.0 mm (W5) @ Tab debonds/Cellulose tape (DELPT)

m  Lay-up+1° (PM1) Other results

O Fibres 2° off-axis (COA2) x Student X (LC)

e Smooth gauge surface (PP3) % IC short course 1989 (SC 89)

Figure 9.3-2: Test results for the compressive strength of XAS/914C using the
ICSTM method and varying test piece parameters.
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9.4 Interpretation of Flexure Test Results

The question to be asked with respect to the high strains achieved in the flexure tests is
whether the test measures the tensile and compression properties of the composite in a
realistic way. To answer the question, an attempt will be made to predict the force-strain
curve from the four-point bend tests as shown in Figure 7.2-2, using the elastic tension-
compression properties of the composite (Equation 7.1-1).

The procedure is divided into two parts:
1. Considering material nonlinearity:

Determination of surface strains in the centre of the test piece caused by a
bending moment, using the nonlinear stress-strain relationship of the composite.

2. Considering geometric nonlinearity:

Determination of the relationship of applied load to bending moment acting on
the specimen centre, which is nonlinear due to large deformations.

Starting with the first problem, engineering bending theory is assumed to be valid, i.e.
strains are linear through thickness and through-thickness stresses are neglected.

Figure 9.4-1: Sketch of strain and stress distribution in the flexure specimen

Assuming different elastic properties in tension and compression, a shift e of the neutral
axis is anticipated. The distribution of strains can be written as:

&(z) = go(z~e) (9.4-1)

with
dz _ 1 (9.4-2)

de &g
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The nonlinear stress-strain relation 1s expressed by (compare Equation 7.1-1.):
o(e) = Ae + Be? + C¢? (9.4-3)

For equilibrium over the cross-section two conditions have to be fulfilled:

1. Balance of horizontal forces

20

J o(z)dz=0 (9.4-4)

-20

2. Balance of moments on centre line:

20

J o(z)zdz =

-Z0

M
” (9.4-5)

where w is the width of the test piece. These conditions combined with Equations 9.4-1
t0 9.4-3 yield:

£

iJ[A.9+Bs2 + C£3]d€= 0

£o (9.4-6)
and
i [Aeoes +(A + Bege)e? + (B + Cege)e® + Ce4]d£ = %
with the tensile and compressive surface strains being:
: (t e) (9.4-8)
g = - — 4-
°\2
t
= —eo5+e) (9.4-9)

And after straightforward integration one obtains:

3 3
C(%e+w3)£§—3(i—2+te2)eo +Ate=10 (9.4-10)
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and
C(t-‘" +t3e2) 3 Bet3£2+ Ar? M 9.4.11
I —_ [ — — €0 = — —
80 4 /)° 6 T 1270w O4-11)

A computer program is used to solve the quadratic Equation 9.4-10 in &, for increments
of e and calculates the corresponding moment from Equation 9.4-11. With the surface
strains from Equation 9.4-8 and 9.4-9 the relation M(¢) is known. And with the linear
relation between the applied load P and the moment M acting on the centre cross-section
of the flexure specimen (for the loading geometry shown in Figure 7.2-1):

M=

Ps
ot (9.4-12
2 )

the telation P(e) can be calculated.

Figure 9.4-2 shows the predicted curve P(e) for the geometry of specimen #3
(Section 7.2). For comparison the experimental data are plotted as well. The difference
of tensile and compressive strains is predicted accurately as illustrated in Figure 9.4-3,
but the nonlinearity of the experimental curve is not matched. Note that although the
elastic response in tension is stiffening, the overall stiffness of the test piece (mean value
of the surface strain signals) is decreasing, which is predicted correctly in its tendency.
This is caused by the stiffness decrease in compression overriding the stiffness increase

in tension.
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Figure 9.4-2: Geometric linear prediction assuming test conditions described in
Section 7.2 and test results for four-point bend test.
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Figure 9.4-3: Geometric linear prediction and test results for four point bend test,
compressive versus tensile surface strains.

Next, the relation of the applied load and the moment acting on the centre cross-section of
the test piece is examined. For this purpose deflections of the test piece and associated
changes of direction of the forces are taken into account. Ideally, deflections are
measured in the test or determined by an iterative finite element analysis continuously
updating the structure. However, it is felt that an assessment using first order deflections
as described below might be sufficient. The geometry and abbreviations used in the
following are defined in Figure 9.4-4.

The beam is split into two segments according to Figure 9.4-4. The first beam
segment is subjected to a pure end moment M, the second one to a vertical end load P/2.
First order deflections and distortions are calculated using the following:

Deflections of the single elements:

Mi2 P}
= d b= —2 9.4-13
a 5T an eEl ( )
Deflection of the beam end:
b=b'+ I, tancx (9.4-14)
Distortions of the single elements:
Mi, PL?
a= and pB'= —IL (9.4-15)
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With

=14k = (9.4-16)

P2

2
B=a+p = oFs (9.4-17)

Figure 9.4-4: Deflections of the flexure specimen.

The deformations are calculated using the actual specimen geometry and a constant
average modulus of elasticity of £= 120 GPa. With this information the general case

illustrated in Figure 9.4-5 can be examined. Frictional forces are included, as t

here is a

movement between the rollers and the test piece. Denoting the coefficient of friction

with u frictional forces are calculated as:

F;= uP; i=a, b

Vertical balance of forces yields:

cosp+ usinp

£ =F .
cosa— usina

(9.4-18)

(9.4-19)
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Equilibrium of the forces acting on the loading roller gives:

P=2P,(cosa— usina) (9.4-20)

where, as before, P denotes the force measured in the experiment.

Figure 9.4-5: Forces acting on the flexure specimen.

A balance of moments on the specimen centre using Equations 9.4-18 to 9.4-20 yields the
expression for the bending moment which acts on the centre under a load P:

M= Min Qorr (94_21)

where
L (9.4-22)

and the correction factor:

oy = %{)ﬁ s sinff— ucosﬁx7 X, - sina + ucosaX4} (9.4-23)

cosf+ usinfi cosa— pusina

where the dimensions X; are defined as:
X, =L+ -R sinp
t
X, =a+b- Ecosﬂ—Rb (1-cosp)

X3 =L+ Rsina (9.4-24)

Xs=a+ %cosa+Ra(1—cosa)
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Equation 9.4-21 describes how the linear bending moment, i.e. specimen deformations
not considered, has to be corrected in order to get the true bending moment M(P). In
order to include the nonlinearity in the model described above, the applied force from the
linear case has to be divided by this correction factor.

Figure 9.4-6 shows the correction factor versus the tensile surface strain for the test
piece #4. Obviously, the amount of friction acting on the specimen has a significant
influence on the centre moment. It should be noted that, for low frictional coefficients
and high strains, the factor 1s higher than 1, which would result in a load-strain curve
with decreasing slope, as observed in the experiment.

1.2

Coefficient of friction Hu

Bending Moment Correction Factor

0 0.5 1 1.5 2

Tensile Surface Strain [%]
Figure 9.4-6: Bending moment correction factor versus tensile surface strain.

Figure 9.4-7 finally shows the prediction of surface strains assuming a friction coefficient
of 0.05 and roller radii of 4 and 3 mm for loading and support rollers, respectively. The
fit of the experimental data is very good, particularly if it is considered that the
deformations and stiffness of the beam are only calculated from first-order deflections.
The nonlinear character of the curve is more pronounced for smaller values of y, as is to

be expected from Figure 9.4-6.
The horizontal resultant H (Figure 9.4-5) can be expressed as:

(9.4-25)

_ P(sinﬁ— ucosf sina+ ucosa)
2

cosf+ usinf  cosa- psina
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Again, 1t greatly depends on the frictional forces and can be compressive or tensile.
However, for a friction factor of 0.05 the resulting additional axial stress at fracture stress
is -3 MPa and can therefore be neglected. Also, shear stresses have not been considered
in this analysis since they are assumed to be small.

The correction factor recommended by the ASTM standard is seen to match the
conditions of the test only if high coefficients of friction and high strains are assumed;
otherwise the correlation to the predicted values is poor. Therefore, the calculation of
stresses using the equations given in the ASTM standard cannot be recommended.
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Figure 9.4-7: Nonlinear prediction of the load-strain response of the flexure test
piece.

Using Equations 9.4-8 and 9.4-9, the shift of the neutral axis e due to different elastic
behaviour in tension and compression can be expressed as:

Et—-i'l !
€= ) 5 (9.4-26)

Ec

where ¢ and ¢, are tension and compression surface strains, respectively, and ¢ is the test
piece thickness. With the strains at first failure for specimens #3 and#4 from Table 7.2-1
the shift of the neutral axis amounts to 2.0 and 2.5 % of the test piece thickness, 1.e.
0.04 mm and 0.05 mm, respectively.
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The conclusion of the findings described above is that the elastic behaviour of the test
piece in a four-point bend test can be described satisfactorily from knowledge of the
elastic behaviour in individual tension and compression tests. The absence of significant
stress concentrations could explain the increased level of failure strains in compression as
well as in tension. .

9.5 Correlation of Compressive Strength and Other
Mechanical Properties

The results of short beam shear tests and determination of fibre angle distribution have
been outlined in Chapter 7 and 8, respectively. In this section a correlation between these
properties and the compressive strength as determined using the ICSTM method will be
investigated.

Basically, the interlaminar shear strength of four groups of unidirectional composites

has been determined:
1. 43-750/9106C containing fibres of different surface treatment;
2.  XAS-fibre reinforced epoxies of different cure condition;
3. AS4 fibre-reinforced PEEK (APC-2); and
4.  glass fibre-reinforced nylon with different fibre volume fractions.

Figure 9.5-1 presents the short beam interlaminar shear strength versus the compressive
strength determined using the ICSTM method; one could say ‘apparent ILSS versus
apparent compressive strength’.

For the three composites containing XAS-fibres a linear correlation of ILSS and
UCS can be recognised. The result for APC-2 lies below this line. Significantly, the
four Apollo-fibre systems containing fibres of different surface treatment exhibit a
pronounced influence of the surface treatment on ILSS, but their UCS is almost
independent of the interfacial properties. In Chapter 6 it has been said that most of the
glass fibre/nylon compression specimens failed in a macrobuckling mode; whereas in
Chapter 7 it has been pointed out that most ILSS specimens failed in a mixed
shear/(tensile)flexural mode. Ultimate stresses for both types of failure can be regarded
as proportional to the fibre volume fraction so that a linear relationship as found in Figure
9.5-1 is to be expected.

Short beam interlaminar shear strength seems to be a weak indicator of the
compressive strength of a composite system but not an exclusive one. In other words:
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there is a trend towards higher compressive strengths for high values of ILSS, but high
ILSS is not necessarily equivalent to high compressive strength of the system.
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Figure 9.5-1: Compressive strength (ICSTM method with standard specimen) versus
short beam ILSS for several unidirectional composites.

The second important factor in this context has been identified as the quality of fibre
alignment. It has been outlined previously that it is difficult to find a typical quantitative
measure, particularly a quantitative measure which distinguishes between different
qualities of fibre misalignment: the overall (rotational layer) misalignment and the
localised short wavelength fibre misalignment. In Chapter 8 a method of determining the
total distribution of in-plane fibre misalignment has been employed on some
unidirectional composites:

1. 43-750/9106C containing fibres of different surface treatment;
2. XAS/14C;
3.  AS4 fibre-reinforced PEEK (APC-2).

The standard deviation of the distributions determined (as described in Chapter 8) will be
used as a measure for the quality of fibre alignment in the composite. The component of
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rotational misalignment due to off-axis plies is therefore neglected, which is probably not
a great source of error if the laminates are laid-up carefully. Separate scanning of single
layers and comparison with the results of the whole specimen would allow an assessment
of the error as pointed out in Chapter 8. Since time restrictions of the project did not
allow further investigations, these comparisons have not been carried out but are
suggested for further work.

Figure 9.5-2 shows the results of the fibre alignment analysis versus the
compressive strength determined with the ICSTM method, using different specimen types
The figure allows some interesting conclusions. Regarding the compression results of all
materials gained using the ICSTM method with standard specimen, a linear correlation,
regardless of the ILSS results, can be stated. Particularly interesting is the Apollo 43-
750/9106C material with fibres of 10% surface treatment which yielded somewhat higher
compression strength results than the others: this material has the best fibre alignment of
the 9106C composites.
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Figure 9.5-2: Compressive strength of several unidirectional CFRP versus fibre
alignment.
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XAS/914C was found to have the best fibre alignment of the systems examined
accompanied by the highest compressive strength. And likewise, APC-2, although of
comparable interlaminar strength, was found to exhibit the highest degree of
misalignment and lowest compressive strength. A similar trend is found for the two
materials if compression data gained with an improved specimen (with debond inserts)
are compared.

Concluding, it is suggested that fibre alignment is an important factor of the
compressive strength of a unidirectional composite. Elastic shear data such as the shear
modulus have not been considered here. But it can be stated that since the shear modulus
of the epoxy systems are about equal, the shear modulus of APC-2 is slightly higher, no
direct correlation between the shear stiffness and the compressive strength could be
found. The influence of the interlaminar shear strength on the compressive strength could
not be fully explored since too little data for composites with comparable and small fibre
alignment were available. The deformation behaviour in the short beam shear tests
indicates that a composite shear yield stress is possibly a better measure of compressive
performance. This will be examined in more detail in Chapter 11.

9.6 Significance of Coupon Compression Testing

It has been shown that with appropriate specimen design using the ICSTM rig,
compressive failure stresses and strains of test coupons can be increased significantly
compared to standard test methods. For XAS/914C average compressive failure strains
of almost 2% could be realised, higher than any published data for comparable
slenderness ratios. When macrobuckling of the specimen occurred compressive strains in
the centre of the gauge section, the location of the strain gauges, reached strains as high
as 2.5 % without signs of compressive failure in this vicinity. Similarly, the results for
the other CFRP systems examined, Apollo 43-750/9106 and APC-2, were significantly
higher than reported from other methods. Specimens of both systems did not show signs
of macrobuckling and failure was usually initiated near the end tab edges. Only in very
few cases failure occurred in the centre of the gauge section.

The fact that XAS/914C test pieces buckled is on the one hand an indication that
failure was premature and the full compressive potential of the material was not reached
yet. On the other hand, however, it introduces interesting questions. Why does the test
piece never fail in the centre where local compressive stresses are the highest? Is it a
consequence of high stress concentrations at the tab tip at lower stresses than in the gauge
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centre? Or is it a consequence of a suppressed failure mode in the centre, e.g. due to a
complex stress state?

Strains of 2.5% and above without apparent damage have been observed in flexure
lspecimens where similar conditions as in the buckling test piece are present.
Multidirectional test pieces including 0°-layers failed at strains over 2%. And for the
sandwich column used in a IITRI rig Crasto and Kim (1990) reported failure strains
significantly higher than for the coupon test piece. Common for the three test methods is
that only a thin layer of material is loaded. The relatively high failure strains would
support an argument of size effect. But it can also be argued that shear stresses are
reduced in all three cases. The more so for the flexure specimen which seems to yield the
highest failure strains. In-plane constraint of 0°-layers exists in a multidirectional
specimen, particularly when 90°-layers are present, as well as in the sandwich column
where thin laminates are bonded onto a core. This could hinder in-plane deformation of
initially deflected fibre bundles, thus increasing the compressive load carrying capability.

However, this condition is not present in the flexure test. Here, no lateral constraint
is imposed. Higher failure strains could be explained if local shear instability, as
indicated in Chapter 2 and further discussed in Chapter 11, is assumed as the
compressive failure mode. The amplitude of initially wavy fibres, or rather fibre bundles,
is increased under compression. If the whole cross-section is not under uniform
compressive strain the less strained fibres offer some restraint to the geometric
deformation of the more strained ones (see Chapter 11). In the flexure specimen, where
the through-thickness strain gradient is high, the fibres under tension are likely to stabilise
the compressed ones, both in-plane and out-of-plane. The resistance of fibres under
compression to geometric deformation which, finally, leads to an unstable state is
increased. As a consequence, the failure strain of the outer layers is higher than in the
uniformly strained laminate.

From the nature of compression failure one would expect a local worst misalignment
or flaw to trigger failure. But since the same failure location is always observed in
coupon test pieces it is very likely that stress concentrations override the effect of local
imperfections in the uniformly stressed material.

Although there is no direct proof, it is felt that the true compressive strength of
unidirectional composites lies between the results of the alternative methods described
above and coupon tests in their optimum form, e.g. ICSTM method. All signs indicate
that a combination of axial direct and shear stress concentrations cause premature failure
of coupon specimens. Constraints existent in the other methods inhibit compressive
failure to a certain extent.
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Published test results, shown below, for the compressive strength of APC-2 would
confirm this hypothesis:

Crasto and Kim (1990), II'TRI mini sandwich beam: 1570 MPa
Crasto and Kim (1990), four-point flexure: 1630 MPa
Mrse and Piggot (1990), mini sandwich beam: 1610 MPa
Mrse and Piggot (1991), mini sandwich beam: 1680 MPa

The ICSTM method with improved specimen yielded a result of 1511 MPa. This result,
if somewhat lower, is in the same range as the above mentioned ones. Particularly if
results gained with standard coupon tests are considered (see Section 6.1.4)

One big advantage of the classical coupon test over tests involving sandwiches is
relatively easy specimen preparation. For the ICSTM method a very simple procedure of
specimen preparation has been described in Chapter 3.

A real limitation of coupon testing is buckling of the test piece. Specimens have to
designed carefully to avoid macroinstability. Figures F-16 and F-17 contain guidelines
for adequate specimen lay-out. However, it is possible that a uniform stress field may
not be realised so that microfailure occurs before macrofailure regarding the decreasing
modulus of elasticity of CFRP with compressive strain.

In conclusion, it is felt that it has been shown that by simple means stress
concentrations can be reduced in routine testing. This should allow the determination of
design allowables from coupon tests. It should be noted that this investigation is rather

the beginning of a development (Figure 9.6-1), and further research will be necessary to
draw firm conclusions.

A

"True" compressive strength of the composite

Shear-free methods?
Proposed test method

Conventional methods

Measured Compressive Strength

Figure 9.6-1: A view of compression testing practice.
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CHAPTER 10 MACRO INSTABILITY
OF THE TEST PIECE

In Chapter 5 evidence of macroinstability of unidirectional test pieces even at relatively
short gauge lengths was presented. Using a conventional buckling analysis, calculated
critical buckling stresses are much higher than the measured ones. In the light of the
experimental findings a modified analysis will therefore be examined in this chapter.
Some similarities will be found to the case of micromechanical instability which is
discussed in the next chapter.

10.1 General Aspects on Buckling of Columns

As an introduction, the basic principles of buckling will be reviewed. The state of a
compressively loaded, 1nitially straight, column is stable as long as the load is below the
critical load. As soon as the critical load or buckling load is reached, the straight form
becomes unstable; the bifurcation point is reached. That means that two shapes are
possible: the straight form or a deflected one including bending and shear deformation of
the column. Since in a real structure there is always a small imperfection, the deflected
form is always preferred. In other words, when the buckling load is reached the column
or strut will jump into the bent form commonly referred to as buckling. This transition is
of a sudden nature if the imperfection is small; one could say the more sudden the smaller
the initial imperfection.

A more figurative image of the buckling process, which often is not very clearly
defined, might be the following (Timoshenko and Gere, 1961): a small lateral force,
applied on a column under a compressive load smaller than the buckling load, will cause a
lateral deflection of the column. If the lateral force is removed the column will resume the
initial shape. The critical load or the buckling load of an ideal column is then defined as
the compression load at which the lateral deflection remains when the lateral load is taken

away.

For an ideally straight column the bifurcation point can be estimated by an energy
balance. The bifurcation point is the point where the energy stored in the deflected
structure due to bending (and shear) equals the work done by the applied load. Clearly,
the buckling load can also be determined by a force balance. The result in both cases
depends on the estimate of the buckled shape but the error due to different shape
assumptions is not large provided the end conditions are fulfilled (Timoshenko and Gere,
1961).
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It can be shown that with any initial imperfection the lateral deflections grow infinitely
when the buckling load of the ideal column is approached, so that it can be concluded that
as long as the stresses are in the elastic region the apparent buckling load is the same
regardless of the initial imperfection. From a linear analysis, i.e. the deflected shape is
modelled neglecting second order terms, the critical load is the maximum load the column
can sustain. A nonlinear analysis, however, shows that an increase in load is possible
beyond the buckling load. These facts are illustrated in Figure 10.1-1, where a denotes
the ratio of applied load to critical load.
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Figure 10.1-1: Load deflection behaviour under compression of columns with
imperfections.

The classical elastic Euler buckling stress for a strut is given as:
_Cm ’E

O Eu 7 (10.1-1)

C is a constant taking into account the end support condition of the strut, i.e. the manner
in which it is clamped. The value of Cis 1 for both ends hinged and 4 for both ends
clamped. Any practical realisation should lie between these two extremes. s is the
slenderness ratio, which for a rectangular cross-section of thickness # is calculated as:

s-8/12 (10.1-2)
t
where g denotes the unsupported (gauge) length. E is the bending modulus of elasticity
which equals the longitudinal modulus for isotropic materials. Dealing with composites
the situation is different. The bending modulus of a multidirectional laminate can differ
substantially from the longitudinal modulus depending on the stacking sequence of the
laminate.
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Large initial imperfections in the case of metals pose the problem of reaching the elastic
limit on the concave face before the buckling load is reached. In order to estimate the
buckling load from test data within the elastic region Southwell proposed a method
known as the ‘Southwell plot’ (Timoshenko and Gere, 1961). Assuming that the lateral
deflection 6 of the midpoint of the column is due to an initial imperfection a, the following
relation is obtained:

éPC,—(S = K (10.1-3)

P
where P, is the buckling load, P the load corresponding to 4, and « equals the initial
deflection a. It can be shown that in the general case of a combination of an initial
deflection ¢ and an eccentricity in the load application e, Equation 10.1-3 is valid with
Kk = a+e. If the the ratio 6/P is plotted against the measured deflection é the points fall on
a straight line and the intersection with the o6-axis gives the value of the initial
imperfection, or the sum of initial imperfection and eccentricity, respectively. The inverse
slope of the line gives the critical load. These relations, of course, are valid for stress,
i.e. load divided by the cross-sectional area.

In Figure 10.1-2 an example for an aluminium alloy is given using Equation 5.2.4-9
(Chapter 5) to calculate the central deflection from the measured surface strains. The
specimen chosen buckles well before the elastic limit in pure compression is reached.
The Southwell plot predicts the buckling stress from the data within the elastic region as
266 MPa. This compares well with the ultimate compressive stress of 253 MPa
measured in the experiment.

Composites behave quasi-elastically until fracture; therefore, the buckling load can
often be estimated from the maximum load. However, if the failure stress is reached
before the tangent modulus vanishes, i.e. the stress-strain curves are horizontal, the
method described above allows an estimate of the buckling load. Equation 10.1-1 is valid
only within the elastic region of the material. As an extension for the plastic region, the
‘reduced modulus’ (Figure 10.1-3) has been introduced, given for a rectangular cross-
section as (Timoshenko and Gere, 1961):

4E,
o B

(ﬁ +\/E)2 (10.1-4)

Generally, E, depends on the shape of the cross-section since the shift of the neutral axis,
i.e. the amount of shift on the nonlinear stress-strain curve, depends on the moment of
inertia of the cross-section.
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Figure 10.1-2: Application of the Southwell plot: (a) Compressive stress-strain
curve of an aluminium alloy specimen (gauge length 50 mm,
thickness 2mm),; (b) Southwell plot using the data from (a).

The buckling load can then be calculated by replacing the elastic modulus by the reduced
modulus. In practice, however, using the tangent modulus, which is only a material
property and independent of the cross-section, proved to give satisfactory results for
aluminium rods (Timoshenko and Gere, 1961). This is thought to be because the elastic
unloading of the concave side is compensated by an overall load increase, therefore the
tangent modulus controls the deformation behaviour.
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Buckling in the plastic zone might pose a realistic danger in metal constructions.
Plasticity of metals is an important aspect of fail safe design which, as a matter of fact,
prevented the breakthrough of composites in a variety of applications. However, with
respect to stability problems plasticity has to be considered carefully.
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E E, E, . E; denote the respective slope of the lines

Compressive Strain

Figure 10.1-3: Illustration of reduced modulus in plasticity zone of metals.

10.2 Modifications of Euler Equations for Composites

Dealing with composites, and CFRP in particular, two aspects have to be regarded. The
first is the low shear stiffness of composites and the second the nonlinear nature of the
stress-strain response.

10.2.1 Shear Correction

For isotropic materials such as metals the elastic constants, shear modulus G and

longitudinal modulus E, are related by:

E o2+ (10.2.1-1)
G

With typical values for v of 0.3 for steel and 0.33 for aluminium one obtains for the ratio
of the elastic moduli a value of approximately 2.6 and 2.66, respectively. The ratio for
XAS/914C is about 25 which is an order of magnitude higher. In the deduction of



Chapter 10 Macroinstability of the Test Piece 198

Equation 10.1-1 the shear deformation of the column was neglected, a reasonable
assumption for metals. Inclusion of shear deformation yields for the critical stress
(Timoshenko and Gere, 1961):

(10.2.1-2)

1
o, = S —
B v o /G

Here, og, 1s the Euler buckling stress from Equation 10.1-1 and » is a factor dependent

upon the cross-section shape. For a rectangular cross-section the value of nis 1.2. Gis
the composite (out-of-plane) shear modulus. Note that it is treated here as a constant.

The correction of the Euler buckling stress according to Equation 10.2.1-2 is
included in ASTM D3410.

10.2.2 Nonlinear Elastic Properties

It was mentioned before that the compressive stress-strain response of unidirectional
CFRP 1s nonlinear, a fact which is evident from the tests carried out in this investigation
and 1is observed for other systems as well (e.g. Hahn and Williams, 1986). The test
method proposed allowed the recording of strains to higher levels than observed so far,
thus strengthening the assumption of a modulus of elasticity decreasing with strain
(Figure 10.2.2-1).
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Figure 10.2.2-1: Reduction of longitudinal modulus of elasticity of XAS/914C
under compression.
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The cause for the observed nonlinearity is most likely to be found in the elastic behaviour
of the fibre itself. Tests with repeated loading indicate that the nonlinearity is of an elastic
nature, as shown in Figure 10.2.2-2, where the loading and unloading phase of a
compression test is shown.
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Figure 10.2.2-2: Demonstration of the nonlinear elastic nature of the stress-strain
response of XAS/914C under compression.

A modification of the foregoing equations including the instantaneous modulus of
elasticity is therefore proposed. The critical compressive stress is calculated using
Equation 10.2.1-2, but now the Euler buckling stress is given by:

_ CnlE (%)

(10.2.2-1)
S2

OEu

where E; is the tangent longitudinal modulus of elasticity and * is the strain at the instant
of buckling. Note that E; is a function of the axial compressive strain &. Using this
equation, the critical stress has to be determined iteratively. Figure 10.2.2-3 compares
the critical stress calculated using the different equations cited above. The tangent
modulus of elasticity is calculated as the first derivative of the stress:

Ef€) = d'(¢) (10.2.2-2)

where the stress-strain curve is approximated by an average third order polynomial curve
fit of the sample DELST (Figure F-10, Table T-18):



Chapter 10 Macroinstability of the Test Piece 200

o=1261 ¢-118.1 £¢2-19.39 £3 (10.2.2-3)

where ¢ is to be taken in % (positive) and o in MPa. Strictly, the predictions using a
variable modulus are only valid up to stresses which have been measured. For the
predictions the stress-strain curves above the measured values are extrapolated and it is
not known if a third order polynomial curve fit is adequate (Section 6.1.2)

Figure 10.2.2-3 clearly shows the impact of the modifications of the Euler equations
on the predicted buckling stress. Particularly the introduction of the tangent modulus of
elasticity reduces the predicted values for small slenderness ratios. For example, the
slenderness ratio of a test piece with a thickness of 2 mm and 10 mm gauge length is
17.32. Assuming ideally clamped-clamped conditions, the Euler buckling stress is
16600 MPa; including shear deformation and assuming a shear modulus of G = 5.0 GPa
the prediction is reduced to approximately 3350 MPa. The inclusion of a reduced tangent
modulus of elasticity finally yields a critical stress of about 2100 MPa, which is roughly
one eighth of the Euler stress. Considering the fact that the end constraints might not be
‘ideally-clamped’ in reality, the buckling stress is in the region of stresses which can be
realised with the ICSTM method.
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Figure 10.2.2-3: Comparison of buckling stress predictions.
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10.3 Comparison with Experimental Results and Discussion

In this section the experimental results from the parameter study of test piece geometry are
compared with the predictions of the critical stress described in the previous section. The
test results where bifurcation of the surface strains occurred, indicating buckling of the
test piece, are distinguished from the ones showing no bifurcation. In the following the
in-plane shear modulus of the composite, as determined in Chapter 7, is used rather than
the out-of-plane shear modulus. It is believed that this approximation is justifiable.

Figure 10.3-1 shows predicted critical stresses using the shear modified Euler
equation including tangent modulus of elasticity (Equations 10.2.1-2 and 10.2.2-1) for
several clamping conditions. The two extremes, clamped-clamped (C = 4) and hinged-
hinged (C = 1), envelop the experimental data for which bifurcation was observed.
Slender specimens lay close to the clamped-clamped condition, whereas the short ones
are close to hinged-hinged. This is reasonable since the ratio of ‘bedding’-stiffness to
specimen bending stiffness is higher for the slender test pieces so that their clamping
condition can be regarded as almost perfectly rigid. For the short specimens, failing at
much higher stress levels, the lateral compliance of the tabs and the clamping bolts might
allow some rotation, thus reducing the clamping factor.
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Figure 10.3-1: Comparison of experimental results and buckling predictions using
Equations 10.2.1-2 and 10.2.2-1 to -3 with initial in-plane shear
modulus G = 5.0 GPa.
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Interesting results are obtained when the shear modulus used in the calculation is not
taken as the initial in-plane shear modulus but a reduced value. Figure 10.3-2 shows the
impact on the predicted critical stress introduced by such a reduction of the shear
modulus, here from 5.0 GPa to 2.5 GPa. Figure F-17 shows a variety of critical stress
versus slenderness ratio plots which can be used for specimen design for various
composites.
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Figure 10.3-2: Critical stresses versus slenderness ratio using different values for the
composite shear modulus.

Finally, Figure 10.3-3 shows predictions using shear correction and tangent modulus of
elasticity for various values of the shear modulus and for clamping factors C = 4 and
C=3. Conspicuously, the experimental data fit the curve G = 2.5 GPa, half the initial
in-plane shear modulus, and C = 4 very well, particularly when compared to the
predictions using the simple Euler equation or the shear corrected Euler equations which
are shown in Figure 10.3-4.

This approach of using a reduced shear modulus is reasonable, as is the assumption
of a changing clamping condition with slenderness ratio. It is likely that both effects play
arole. Because of imperfect fibre alignment the matrix experiences shear deformation
under axial compression, as pointed out in Chapter 2. This, in turn, might lead to an
overall shear stiffness reduction since the shear stress-strain response of most matrix
materials is nonlinear. This will be examined further in the next chapter. Obviously, the
use of a constant reduced shear modulus is unlikely to be correct, but good fit of the data
suggest that a function G(o¢) exists. That has been pointed out earlier by Hayashi
(1989). Experimentally this function is difficult to determine, considering that even the
determination of the initial shear modulus is somewhat dubious.
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Figure 10.3-3: Comparison of test results and predictions for varying values of shear
modulus and two clamping factors.

In the present study the ICSTM method and a standard compression test piece was used
to investigate the function G(o.). The lower block of the rig was supported by a

rotational bearing and the moment necessary to twist the test piece was measured. The
rotational deformation of the test piece, measured by +45° strain gauges, was believed to
be proportional to the shear stiffness. The test was then repeated under various axial
loads so that the (constant) friction could be eliminated. Finally, however, the test was
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abandoned because it was thought that decoupling of the shear induced by the axial load
on the deformed test piece was not possible. A more detailed analysis considering
geometric effects could possibly lead to a solution.
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Figure 10.3-4: Comparison of experimental data and common methods of buckling
prediction.

The conclusion of the comparison is that in order to predict macroscopic instability of
CFRP columns it is vital to include not only shear deformation but, in particular, varying
modulus of elasticity. That is, knowledge of the stress-strain curve of the composite is
necessary to predict buckling stresses. Comparison with test data showed that critical
stresses can then be predicted conservatively by assuming a hinged-hinged condition for
small slenderness ratios. The assumption of a reduced shear modulus of half the initial
in-plane shear modulus with clamped-clamped ends led to a good prediction of critical
stresses for XA S/914C for the whole range of specimen slenderness ratios examined.
Figure 10.3-4 gives a good impression how common buckling analysis overpredicts the
buckling stresses of unidirectional CFRP.



205

CHAPTER 11 MICROMECHANICAL MODEL TO
PREDICT COMPRESSIVE FAILURE

In the previous chapter global instability, where deflections of the test piece are relevant,
was examined incorporating material nonlinearities. It has been shown how a combined
shear and bending instability led to buckling of the test piece. A similar investigation is
carried out 1n this chapter on a micro level, i.e. fibre deformations are relevant. A
graphical solution of the microinstability model is presented, and the factors determining
the compressive strength are discussed.

11.1 Derivation of the Model

The model presented in Section 11.1.1 is similar to the one developed by Wang (1978)
and modified by Hahn (1986). The main feature of these models is that they assume
initially non-straight fibres. Under axial compression initial deflections are increased
eventually leading to failure by shear instability. As pointed out in Chapter 2, this mode
of microbuckling, referred to as ‘plastic microbuckling’ by Fleck and Budiansky (1990)
is in contrast to the classical elastic microbuckling analysis by Rosen (1964) where
straight fibres are assumed and an elastic buckling analysis is carried out.

11.1.1 Micromechanical Strength Model

Sinusoidal initial fibre deflection is assumed within a composite element as shown in
Figure 11.1.1, which might represent a segment of a fibre bundle.

P Prnax
P f
R | e

¢0max=ﬂ/%)" ¢max=.7f[-

(a) initial state (b) axially compressed

Figure 11.1.1-1: Idealised fibre deflection in the composite.
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The lateral fibre deflection will be expressed as :

Vo(x)=fo sin%x (11.1.1-1)

where [ denotes the half wave length and f; the amplitude of the initial fibre deflection.
Under axial compression the fibre deflection is assumed to be magnified to:

v(x)=f sin%x (11.1.1-2)

The simplification is made that there is no displacement gradient in the y-direction, i.e. the
analysis is essentially one-dimensional:

u__y (11.1.1-3)
gy ay

The maximum angle between fibre and laminate (°-direction occurs in the vicinity of
minimum fibre curvature and can be expressed in terms of initial deflections:

Pomarx =ch:; (11.1.1-4)

and in the loaded composite:

NI\

(11.1.1-5)

(Pmax =T

where f,/I and f7] are dimensionless terms characterising the initial fibre deflection and
fibre deflection under compression, respectively, as illustrated in Figure 11.1.1-1. In the
following the subscript ‘max’ will be omitted when referring to @omax, 1.€. $o = Gomar-

The stress field is derived from the displacement field by considering the constitutive
equations of the composite material. The balance of moments on the typical repeating
element shown in Figure 11.1.1-2 yields:

M 15+ tAydx- o,hyZdx=0 (11.1.1-6)
ox ox

and with the simplification from above:

M ay-ony? — 0 (11.1.1-7)
dx dx



Chapter 11 Micromechanical Model to Predict Compressive Failure 207

M+9—A—/,dx
v
d 1
x® |1 1lo ||
Matrix Fibre
ax | T t

T,

i Ay

Figure 11.1.1-2: Forces acting on a repeating composite element under axial
compression.

Equation 11.1.1-7 includes a bending, a shear and a compression term. As deflections
are small, engineering theory is assumed and the bending contribution of the matrix is
neglected. The bending moment can then be written:

d2(v-vy)
M=_Ef1f_d_x2_° (11.1.1-8)

with Erand I denoting the modulus of elasticity and the second moment of area of the
fibre, respectively. The shear response of the composite element is assumed to be

nonlinear and may be expressed as:
(11.1.1-9)

(y) = Gy (v)y

where Gi(y) is the composite secant shear modulus at a given shear strain y. The shear
strain can be calculated from the deformations, considering also Equation 11.1.1-3, as:
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=d(v—v0)

11.1.1-10
yp ( )
or with Equations 11.1.1-1 and 11.1.1-2:
i (f‘lf‘)) (11.1.1-11)
With Equation 11.1.1-10 the differential Equation 11.1.1-7 becomes:
EL d3(v-vy) d(v-vy) dv
- G(y)——~0,— =0 11.1.1-12
Ay dx +G(p) dx % dx dx ( )
And with Equations 11.1.1-1 and 11.1.1-2:
P
o, = [ CL ey )J( fo) (11.1.1-13)
12 Ay S

This equation expresses the equilibrium compressive stress on a composite element for a
fibre deflection magnified by the factor f/fy. Since o is independent of x, a solution for
the postulated displacement field only exists if the secant shear modulus is assumed to be
constant along the x-axis. Since the shear strain in the x-direction is not constant, the
shear modulus is not constant. The equilibrium compressive stress is therefore taken as
the minimum stress, which is obtained for the minimum secant shear modulus, i.e. the
shear modulus at the maximum shear strain.

In order to consider the influence of the bending term an assessment of the absolute
fibre waviness has to be made. Using absolute dimensions, the bending term of Equation
11.1.1-13 can be written as:

2
205 (ffi) (11.1.1-14)
12 \1
assuming that
(11.1.1-15)
dr =V By

and a rectangular fibre cross-section (two-dimensional model). Figure P-21, shows a
section of unidirectional CFRP (XAS/914C) polished parallel to the fibres. From some
individual fibres it can be estimated that the ratio of fibre diameter and half wave length of
deflection dgl is certainly less than, say, 1/50. Taking this value and 60 GPa* for the

* Tangent modulus of elasticity is used, since the composite is under compression (see Chapter 10).
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composite axial modulus at fracture, the bending term becomes 40 MPa which would be
around 1% of the secant shear modulus Gy at fracture** . The bending term under these
conditions can be neglected. If, however, the half wave length is only, to give another
example, 10 times the diameter the bending term would contribute 25 %, which cannot be
neglected. Therefore, the analysis for other materials, particularly those containing less
stiff fibres or fibres with strong induced waviness, might require the inclusion of the
bending term. A question remaining at this point is why the kink band length in CFRP is
typically between 10 and 20 fibre diameters indicating a pre-failure ‘waviness pattern’ of
these dimensions, since this cannot be found in micrographs.

Neglecting the bending term and including Equation 11.1.1-11, Equation 11.1.1-13

reduces to:
Y
O, = Gc(}’) =G 7o (1111‘16)

Y+]l'l—

or in terms of the maximum fibre angle initially present in the composite (see Figure
11.1.1-1):

T(y)
Y+ ¢o

The compressive equilibrium stress on a composite element is now expressed in terms of

(11.1.1-17)

shear stress at the location of maximum shear strain and initial maximum fibre angle. The
ultimate compressive stress, i.e. the compressive strength of the material, is the maximum
of this function. With a known shear stress-strain relationship for the composite this
equation can be solved numerically or graphically, as shown in the next section, as a
function of initial deflections. If the shear curve can be approximated analytically as a
function T = ©(y) the condition for the compressive stress in Equation 11.1.1-16 being a

maximum becomes:

T(Y*)—[Y*+¢o]%(y*)=0 (11.1.1-18)

where y* is the shear strain at failure. With Equation 11.1.1-18 inserted into Equation

11.1.1-17, the ultimate compressive stress is obtained as:

o= =G (11.1.1-19)
dy

The compressive strength equals the tangent shear modulus of the composite at the shear
strain where instability due to Equation 11.1.1-16 occurs.

**+ Secant shear modutus at fracture assumed to be 4GPa (see Section 11.1.2)
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Hahn and Williams (1986) derive Equation 11.1.1-17 multiplied by the fibre volume
fraction V¢ by regarding a fibre element rather than a fibre/matrix volume element.
Wisnom (1990) deduces Equation 11.1.1-17 by regarding a unidirectional layer of
straight fibres aligned at an angle of ¢ to the fibre axis (Figure 11.1.1-3 (b)). Argon
(1972) and Fleck and Budianski (1990) obtain a similar result by regarding a band of
kinked parallel fibres (Figure 11.1.1-3 (c)) as described in Chapter 2. All derivations
have in common that a shear/compression coupling exists, i.e. the composite is subjected
to shear when compressed axially, and other stress components are neglected. To recall,
this condition is approximately given at the vicinity of minimum fibre curvature if
sinusoidal fibre waviness as shown in Figure 11.1.1-3 (a) is assumed.

| /

\\\
o

Po
9, o
(a) present model (b) (c)
Wang (1978) Wisnom (1990) Argon (1972)
Hahn and Williams (1986) Fleck and Budiansky (1990)

Figure 11.1.1-3: Differentidealisations of the unloaded unidirectional composite.

11.1.2 Graphical Solution

In the previous section the compressive strength has been defined as the ultimate
compressive stress:

O = (I@) (11.1.2-1)
(p(Y) max

The maximum of the ratio of «(y) and ¢(y) from Equation 11.1.2-1, i.e. the compressive

strength of the composite, has been determined graphically by the present author as
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outlined below. The method allows one to determine the ultimate compressive stress
from the shear stress-strain curve and a typical angle of fibre misalignment.

The measured shear stress-strain curve of the composite may be available as shown

in Figure 7.4-3, e.g. from +45° tension test. In Figure 11.1.2-1 the linear function

@(y) = y+¢p where y is the shear strain and ¢y is the typical maximum angle of initial

fibre misalignment, as described previously, is added to the shear curve. The scale for

this function can be chosen freely and the following derivation is not affected by its value.
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Figure 11.1.2-1: Graphical determination of the ultimate compressive stress.
It can be deduced from geometry:
Ein &
— = 11.1.2-2)
g 12 g 22 (
and:
+
Ein+8in 521+ (11.1.2-3)
E12 22
and with &3 < &27 it follows:
512 23 (11.1.2-4)

Eir+&12 g Ey1 + 822



Chapter 11 Micromechanical Model to Predict Compressive Failure 212

so that it can be concluded for the ‘tangent shear strain’ y; (Figure 11.1.2-1):

5. )
4 Y="7Y: 4 y<yr (11.12‘5)

This can be shown equally for values y > y¢ if the sign of curvature of the shear stress-
strain curve does not change. As this is valid for most real composite systems, one can
assume that for a given initial misalignment the maximum ratio as defined above is given
at the tangent point of curve (A-T) and the stress-strain curve. The compressive strength
of the composite is the slope of that line (Equation 11.1.1-19).

This result can also be deduced from Equation 11.1.1-18 which gives the condition
for the applied compressive stress being a maximum, slightly rewritten, as:

T

T’ = (11.1.2-6)
Y+ ¢o

The tangent on the shear-stress strain curve intersecting the abscissa at -¢ fulfills this

condition.

The compressive strength can be read directly if the secondary axis of the graph is
dimensioned as shown in Figure 11.1.2-2, i.e. if the scale of the secondary coordinate
axis is equal to the scale of the primary coordinate axis divided by the maximum graph
window value yy of the abscissa (shear strain).
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Figure 11.1.2-2: Direct reading of the ultimate compressive Stress.
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11.1.3 Discussion of the Model Parameters

The main parameters are the shear response of the composite and the fibre orientation.
Factors determining the shear stress-strain response of the composite are the initial
stiffness or shear modulus, the ultimate shear stress and the ductility of the material, i.e.

the shape of the stress-strain curve. In order to separate these parameters the shear curve
is idealised here as:

T= —ruexp{—[—G— y+py2”+ru (11.1.3-1)
T,

U

where 7, denotes the shear strength of the composite, G is the initial shear modulus and p

1s a shape parameter defining the gradient of curvature of the curve. The postulate that the
curvature does not change sign, true for polymers, yields the condition:

1 2
p< -(9) (11.1.3-2)
2\ 1,

As a numerical example, an initial composite shear modulus G = 5.0 GPa and an ultimate
(asymptotic) shear stress 1, = 100 MPa are assumed. The maximum value of p is then
1250. Smaller values of p result in 'flatter' shear curves as illustrated in Figure
11.1.3.1-1. The maximum value of p represents a curve closer to the elastic-perfectly
plastic shape.

120

100 4% N

80 4

u

60 4

Shear Stresst [MPa]
(]
i.c
I
o
!
|yt
P S
|Q
SN—
N

40 <

1 G = 5.0 GPa
20 7,= 100 MPa
Ve
0 v T T T v T T T T
0.00 0.02 0.04 0.06 0.08 0.10

Shear Strain ¥y
Figure 11.1.3-1: Modelled shear stress-strain curve with different shape parameters.
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The question to be examined is to what extent the individual parameters influence the
compressive strength of the composite. In Figure 11.1.3-2 the extremes of curve shapes,
with shear modulus and ultimate shear stress being constant, are illustrated. If the shear
behaviour is ideally elastic-perfectly plastic the point where shear instability occurs is
clearly defined as the yield point. As soon as the shear response deviates from the ideal
case, the amount of fibre misalignment determines the instability strain. In the numerical
example from above the ultimate compressive stress predictions vary between 1720 MPa
and 2670 MPa (see Figure 11.1.3-2) for the same values of fibre misalignment (1°), shear
modulus (5 GPa) and shear strength (100 MPa). From Figure 11.1.3-2 it becomes also
clear that for vanishing misalignment (fo/l = 0 or ¢y — 0) the inelastic solution

converges towards the elastic solution:
f_o —-0: o,— G
l
And the same is true for any misalignment with increasing shear strength:

Ty > 0: Oy —G

180 —— 3000
160 4 N—2670
7 L 2500 —
149 / s &
T ] Y / =
S 120+ A 2000 3
2 100 Y e L 70 @
3 [
= 1 b7~ L 1500 2
@» c e 2
D 80 - = 2
3 ' - 5
@ 60+ e G=5.0GPa [ 1000 8
] S=100MPa | °
40 | 2
1 a elastic-ideally plastic |- 500 E
20 H b p=1250 5
4 ¢ p=0
O I 1 I 1 T O

r T r T . T
-0.0Zl -0.01  -0.00 0.01 0.02 003 0.04 005 006

¢0= 1° Shear Strain y

Figure 11.1.3-2: Influence of the shape of the shear stress-strain curve on the
ultimate compressive stress.

In Figure 11.1.3-3 the results of the parametric study are presented. Shear modulus,
shear strength and shape parameter have each been varied within certain limits whilst
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keeping the others constant. The ultimate compressive stress is then plotted versus initial

fibre misalignment.
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The graphs show that an increase in shear modulus or in shear strength would be
translated into an increased compressive strength as long as the other parameter is kept
constant. However, if, for instance, the curve exhibits a more nonlinear characteristic at
the same time the compressive strength could be lower. This was found to be the case for
APC-2 compared to XAS/914C in the present investigation. Modulus and ultimate shear
stress of the thermoplastic composite were slightly higher but the shape parameter smaller
(see Figure 7.3-2). Predictions for the two systems will be discussed in detail in Section
11.2.2.

For very small angles of fibre misalignment the parametric study predicts that the
impact of a shear modulus variation would be greater than that of a shear strength
variation. As pointed out above, the ultimate compressive stress approaches the elastic
solution, i.e. the shear modulus, for vanishing fibre misalignment; therefore, any increase
in modulus will proportionally be translated into increase of compressive strength.

11.1.4 Modelling the Stress-Strain Response

It has often been argued that the nonlinear stress-strain response of CFRP is, at least
partly, caused by fibre waviness, increasing under axial compression and decreasing
under axial tension. If that were the case, a typical mean fibre waviness could be
estimated by matching the experimentally determined stress-strain curve by a simplified
micromechanical model. This in turn would allow a realistic input into the failure model
described in Section 11.1.1.

In the following a simple (two-dimensional) model formulated in FORTRAN is
described in order to predict the load-displacement response of a composite with initial
fibre waviness.

The total axial strain of the composite is thought to be composed of a linear elastic
portion and a geometric (nonlinear) portion due to fibre curvature, which is assumed to be
sinusoidal as described in Section 11.1.1.

Ezot(Y)= €l (Y)'*'Egeom(')’) (111-4'1)

y is the maximum average shear strain in the composite as defined in Section 11.1.1 and

can be calculated from the relative fibre displacement f// using Equation 11.1.1-11.

The elastic portion of the axial strain is simply calculated from:
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Ey = — (111.4—2)

where o, is the applied compressive stress and Ep is the initial axial modulus of the

composite. Since deflections are small, the geometric portion can be approximated as the
difference of the arc length of the fibre half wave in each strain increment:

ggeom(Y)= S(Y)I_ 20 (1114_3)

with s(y) and 5o denoting the fibre arc length at the shear strain y and the initial length,
respectively. The arc length s is determined by:

X2

s = J v 1+ (v(x))Pdx (11.1.4-4)

X

where v(x) is the function of fibre deflection (Equations 11.1.1-1 and 11.1.1-2). This
integration is carried out numerically using Simpson’s rule:

b
b-a
Jy dx = EZ_[ya+4yl +2y, +4y3 + ...+ 2y, 2 + 4y, +yb] (11.1.4-5)

The whole program works in increments of shear strain as illustrated in the flowchart
shown in Figure 11.1.4-1. For a given shear strain the equivalent geometric deformation
is calculated and with the equilibrium compressive stress the elastic deformation,
assuming straight fibres and composite modulus of elasticity, is determined. The total
deformation normalised to the half wave length of initial fibre deflection plotted versus the
compressive stress gives the (calculated) stress-strain curve of the composite.
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Figure 11.1.4-1: Flowchart of the computer program to model the stress-strain
response of a unidirectional CFRP composite.

In Section 11.2.1 the stress-strain curve of XAS/914C using the experimentally
determined input parameters will be presented and the result discussed.
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11.2 Imput of Experimental Data

In this section the results of the experimental investigations described in Chapters 7 and 8
will be used to predict the compressive strength of the composite. Of particular interest,
obviously, are the shear stress-strain curves for XAS/914C and APC-2 from +45° tension
tests, and the results of the fibre angle analysis.

11.2.1 Stress-Strain Response

Figure 11.2.1-1 shows the stress-strain response calculated for various values of initial
fibre waviness. In the calculations the shear stress-strain curve of a typical XAS/914C
sample (5 specimens DELST) is used and the composite modulus is assumed to be a
constant value (126 GPa).
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Figure 11.2.1-1: Modelled stress-strain response of a unidirectional composite for
various initial fibre deflections.

The figure clearly shows that only for small values of fu/, i.e. for strongly misaligned
fibres, does the stress-strain curve show significant nonlinearity. For realistic angles of
misalignment the geometric portion of the deformation is negligible. The aim to deduce a
characteristic average angle of misalignment by fitting the predicted stress-strain curve to
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the experimental data can therefore not be realised. Failure of individual bundles of fibres
as a cause of nonlinearity can most certainly be excluded since the macroscopic stress-
strain response is elastic (Chapter 10) and completely recoverable. Also, failure of a
bundle of a size significant enough to have some effect on a macroscopic level would
influence the equilibrium of the neighbouring fibres causing catastrophic failure of the
composite. Therefore, as pointed out in an earlier chapter, the nonlinearity must be
caused by nonlinear elastic behaviour of the carbon fibre itself. To summarise, the
following findings support this postulate:

1. Although an analysis of fibre angle distribution could not be carried out due to lack
of time in the present project, micrographs of samples of GRP polished at 5° to the
fibre axis were found, by visual inspection, to exhibit a degree of fibre
misalignment comparable to APC-2, or even worse. Despite this fact the stress-
strain curves of GRP are almost linear (Chapter 6). Therefore, geometric
deformation of the fibres cannot play a significant role.

2.  Above calculations of stress-strain curves.

3. Resent research (Melanitis and Galiotis, 1990) proved by means of Raman
spectroscopy on single carbon fibres glued on acrylic beams that the stress-strain
response of a fibre is nonlinear to the same extent the composite is.

11.2.2 Strength Prediction

Figure 11.2.2-1 shows the predicted compressive strength versus typical initial fibre
misalignment angle for dry and saturated XAS/914C and dry APC-2. For small angles of
initial misalignment the predicted compressive stress approaches the composite shear
modulus, since the compressive strength is given as the slope of the shear stress-strain
curve at the instability shear strain. The critical shear strain is small for small angles of
initial misalignment and increases with increasing initial misalignment (compare, for
instance, the graphical solution shown in Figure 11.1.2-2). Therefore, the prediction
curves reflect the inverse characteristic of the shear stress-strain curves of the composite.
For small angles of misalignment, the gradient of the predicted compressive strength over
misalignment angle is steep, decreasing significantly between 0.5 and 1.5° of initial fibre
misalignment. Translated into practical terms, that means that composites containing well
aligned fibres are more prone to variation in compressive strength when varying fibre
curvature than less well aligned ones. For instance fibre deflections induced by load
introduction might have a different effect for different types of composites.
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The individual curves exhibit clear characteristics as expected from the equivalent shear
stress-strain curves. The predicted compressive strength of ‘dry’ XAS/914C is about
15% higher than the one for saturated XAS/914C. These results are in good agreement to
test data published by Barker and Balasundaram (1987) who tested various laminates of
XAS/914C under different temperatures and saturations. The APC-2 prediction lies
between 5 and 10% beneath the XAS/914C curve for the same misalignment angles.
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Figure 11.2.2-1: Ultimate compressive stress versus initial fibre deflection.

In order to predict not only trends but also absolute values of the compressive strength a
typical angle of misalignment has to be defined. As indicated earlier, this is the main
problem when using the model described in this chapter since the fibres are not uniformly
misaligned but rather in a statistical manner. In Chapter 8 two methods to define a typical
angle from the distribution of fibre angles have been suggested: the standard deviation of
the fibre angle distribution and a ‘linearised’ standard deviation, i.e. the weighted mean of
the absolute fibre angle distribution. Based on these angles the results for the predicted
compressive strength of the above mentioned composites are summarised in Table
11.2.2-1.
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UCS based on the standard UCS based on mean of
Material deviation of transformed | distribution of absolute fibre
distribution of fibre angles angles
[MPa] [MPa]
XAS/O14C (dry) 1775 1970
XAS/914C (sat.) 1470 1650
APC-2 1295 1490
Apollo 0% (1500%/1225*%) (1715%/1420™
Apollo 10% (1685%/1390*") (1910%/1590*"
Apollo 50% (1530%/1250*% (1725%/1425™
Apollo 100% (1425%/1165*%) (1645%/1355™%)

* Values based on the shear stress-strain curves of ‘dry’ XAS/914C

* *Values based on the shear stress-strain curves of ‘saturated’ XAS/914C

Table 11.2.2-1: Prediction of the compressive strength of the composites examined.

It is interesting to note that for the angles specified above local shear instability occurs at
rather low (maximum) average shear stress levels as can be seen from Figure 11.2.2-2,
where the shear strain at failure is plotted against initial fibre misalignment.

5 100

- 90

Critical shear stress

[ 80
[ 70
60
| 50

. 40

Critical Shear Strain [%)]

- 30

Critical Shear Stress [MPa)

- 20

L 10

0 T T T T v T Y T T 1 T 0
0 1 2 3 4 5 6

Angle of Initial Fibre Deflection [deg]

Figure 11.2.2-2: Critical values versus initial fibre deflection for XAS/914C.
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For the mentioned materials the critical average failure shear strain is only in the region of
1-2%, corresponding to a critical shear stress of between 45 and 70 MPa. This could at
least qualitatively explain why the compressive strength apparently is not dependent on
the fibre surface treatment, i.e. on interfacial properties, of the composite. In Section
11.3 this will be further analysed.

Before discussing the predictions in detail an important aspect of the compressive
failure process will be reviewed.

11.2.3 Influence of Superposed Shear Stresses

In the failure process proposed the shear stress-strain response of the composite plays a
key role. Modifications in the curve would result in a change of compressive strength as
pointed out in the previous section. In this section the effects that superposed shear
stresses, caused for example by load introduction, might have on the compressive
strength of unidirectional systems will be examined.

First of all, a convention of signs is necessary. Obviously, the stress state induced
in a unidirectional composite under compression is three-dimensional and very complex.
Again, the situation will be simplified by splitting induced shear deformations into in-
plane and out-of-plane components, corresponding to the direction of fibre deflection.
Superposed shear stresses can either increase or decrease existing shear deformation as
sketched in Figure 11.2.3-1. In the following the worst case of added stresses is
assumed.

@ Shear deformation caused by load introduction

@ Shear deformation induced by axial compression because of non-axial fibres

Figure 11.2.3-1: Sketch of modes of shear superposition: (a) increased or (b)
decreased shear deformation caused by load introduction.
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Figure 11.2.3-2 illustrates how the model proposed in Section 11.1.1 is applied when
shear stresses are superposed: the shear stress-strain relation is obtained by adding the
superposed shear stress (or strain) value to the incremental value, i.e. the incremental
procedure uses the section of the original shear stress-strain curve above the superposed
shear stress (strain). The terms ‘induced’ shear strain and stress refer to stresses and
strains induced when misaligned fibres are axially compressed.
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Figure 11.2.3-2: Ilustration of the method to determine the compressive strength
with shear stresses superposed.

The results of the calculations, in increments of 10 MPa superposed shear stresses, are
shown in Figure 11.2.3-3 for XAS/914C and Figure 11.2.2-4 for APC-2, respectively.
The impact of superposed shear stresses on the compressive strength of a composite is
clearly visible from these figures. As expected from the mechanics of failure, the
compressive strength approaches zero when the shear stress approaches the shear
strength of the composite. The asymptotical value of about 400 MPa reflects the constant
slope of the composite shear-stress strain curve at shear strains above 3% which is
probably an artefact of the particular shear test. Since the validity of the model in these
boundary regions is questionable because of model simplifications, the results for the
high shear stresses should only be taken as a tendency.

An interesting observation at this point is that the reduction in apparent compressive
strength when using the same specimen in the CRAG and the ICSTM rig can very well be
explained by higher shear stresses through load introduction .
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11.3 Concluding Discussion
11.3.1 Discussion of the Predictions

Firstly, the strength predictions will be compared to the experimental results of this
investigation. Since only the shear stress-strain curves of XAS/914C and APC-2 have
been measured, the results of these two composites will be considered primarily.

When comparing experimental results with analytical predictions stress
concentrations have to be considered. The finite element study has shown that axial direct
and shear stress concentrations exist in the vicinity of the tab tip. In the previous section
it has been shown how shear stresses can affect the compressive strength of the
composite. Clearly, axial direct stress concentrations lower the average failure stress as
well by initiating compressive failure in the vicinity of higher axial compressive stress. It
has been stressed in Chapter 5 that realistic values were not to be expected from a linear
finite element model. Even if the exact stress field were known a two-dimensional
micromechanical analysis would be necessary to assess failure initiation. It is a problem
similar to defining a typical angle of misalignment. A complex problem is reduced to
basically a one-dimensional one. However, it is believed that some reasonable
conclusions can be drawn by assuming a typical (critical) average stress concentration,
e.g. caused by shear stresses.

In Figure 11.3.1-1 the compression test results are plotted onto the prediction graphs
of the previous section. The typical angle of fibre misalignment is taken, as pointed out
earlier, as the standard deviation or as the mean of the absolute fibre angle distribution.

Regarding the results based on the standard deviation first, the compressive strength
of APC-2 is over-predicted by approximately 15% when the result for the specimen with
debond insert is taken. The result of the machined specimen would suggest a superposed
shear stress of 10 MPa. Similarly, the results for XAS/914C specimens with debond
insert are correctly predicted, and a superposed shear stress of 10 MPa is suggested for
the standard specimen. Based on the mean value of the absolute fibre distribution the
APC-2 value for the specimen with debond insert is correctly predicted and a superposed
shear stress of approximately 20 MPa suggested for the machined specimen. A
superposed shear stress of approximately 10 MPa for the specimen with debond insert
and approximately 17 MPa for the standard specimen is suggested for XAS/914C. These
predictions are more reasonable than the ones based on the standard deviation. It has to
be recalled that some of the XAS/914C specimens failed in a macrobuckling mode.
Therefore, the test results should be over-predicted by a larger margin than for APC-2
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where macrobuckling is not observed. Due to higher axial failure stresses superposed
shear stresses are higher for XAS/914C than for APC-2. The predicted compressive
failure stress for XAS/914C without superposed shear stresses is 1970 MPa which
would correspond to an extrapolated compressive strain of around 2.2 % (compare
Figure 7.1-4). Such values have been recorded in various tests as discussed in Section
9.6. The results for APC-2, using the specimen with debond insert, are predicted
correctly, i.e. it is implied that the coupon gives realistic results. This is a reasonable
assumption since of each sample of 5 specimens one failed centrally, which has not been
observed for XAS/914C. It indicates that local fibre misorientations in APC-2 are more
likely to trigger failure than in XAS/914C.
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Figure 11.3.1-1: Comparison of predicted and measured values for the compressive
strength of XAS/914C and APC-2.

The interpretations of the above show that using the mean of the absolute fibre angle
distribution gives answers which could describe experimental findings better than using
the standard deviation. As described in Chapter 8, standard deviation uses quadratic
terms, whereas these terms are linear in the calculation of the mean. Therefore, the
physical difference of both angles is the weight they assign to the fibres which differ from
the 0°-direction. The result that the ‘linear formulation’ describes the test results in a
better way leads to the conclusion that a ‘smearing’ effect is to be considered when
describing compression failure of a composite. That simply means that there is an
interaction between fibre bundles of different levels of misalignment. Bundles with small
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misalignment support others with greater misalignment thus reducing shear deformation,
which in turn leads to a greater misalignment of the straight bundles. This mechanism
has also been suggested earlier (Section 9.2) to explain the higher strains achieved under
conditions where strong bending, i.e. strain gradients, exist. Fibre bundles in outer
layers are constrained in their in-plane deformation by inner, less highly loaded, fibre
bundles. Since the gradient is very steep in thin flexure test pieces, this constraint is
believed to have significant influence. The greater the thickness, i.e. the smaller the
gradient, the smaller the effect. Such a size effect has been found in experiments by
Wisnom (1991).

Interfacial properties do play an important role in the model. Experimentally it has
been shown that there is a certain correlation between the compressive strength and the
ultimate shear stress (Section 9.5) as determined, for example, by a short beam shear test.
The analytical model has shown that the shear yielding characteristics are responsible for
the compressive performance rather than the ultimate shear stress. If shear failure is
assumed to be of interfacial nature rather than matrix yield, it will depend on factors such
as fibre surface treatment. Itis therefore to be expected that fibre surface treatment affects
the compressive strength of the composite. It is suggested that the graphical solution in
case of interfacial failure can be determined as shown in Figure 11.3.1-2.
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Figure 11.3.1-2: Graphical determination of the compressive strength in case of
interfacial failure.
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Unfortunately, it is not known how the stresses calculated from the short beam shear
stresses correspond to the in-plane shear stress values of the +45° tests. The lowest ILSS
value has been measured for Apollo 43-750/9106C, containing fibres without surface
treatment, as 72.7 MPa. If it is assumed that ILSS values are roughly in-plane shear
strength values, it could be deduced that the mean composite shear stress when instability
occurs is lower than this lowest measured value (compare Figure 11.2.2-2). Shear
instability would occur before the interfacial strength is reached. However, influence of
fibre surface treatment on compressive performance has been reported for other systems
and lay-ups, (e.g. Curtis and Morton, 1982). It is suggested that if the interface is weak
other factors, such as tensile interface stresses, might gain influence on the compressive
failure mode. Tensile interface stresses might be caused by the different Poisson
deformation of fibre and matrix (Woolstencroft, 1982) or, if the composite is modelled as
described in this chapter, by the difference in fibre radius of neighbouring fibres in the
vicinity of maximum curvature.

Figure 11.3.1-3 shows the test results for Apollo 43-750/9106C, containing fibres
with different levels of surface treatment, versus the initial fibre misalignment angle. The
test results are compared to predictions for the epoxy system XAS/914C in ‘dry’ and
‘saturated’ condition since the shear stress-strain curves for the Apollo-systems have not
been measured. As before, the two typical average angles are used.
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Figure 11.3.1-3: Assessment of the test results for Apollo 43-750/9106C using the

ICSTM compression test method (standard specimen) on the basis
of predictions for XAS/914C in dry and saturated conditions.
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It is assumed that the shear performance of Apollo 43-750/9106C lies somewhere
between that of ‘dry’ and that of ‘saturated’ XAS/914C+; the predictions then follow the
tendency observed for the composites described above. The predictions based on the
mean value of the absolute fibre angle distribution suggest a superposed shear stress of
10 to 15 MPa . Again, it seems that the values based on the standard deviation over-
predict the compressive strength of the composite. A certain amount of superposed shear
stress has to be postulated, because failure of the specimen was in almost all cases
initiated near the tab tip.

11.3.3 General Comments on Compression Failure

In this section some aspects of modelling compression failure considering experimental
evidence will be discussed.

Since plastic shear deformation takes place before shear instability occurs, it could
be argued that this non-reversible deformation should be reflected in a non-elastic axial
stress-strain curve. But the stress-strain curve is reversible as, for instance, illustrated in
Figure 10.2.2-2. In fact, that is not a contradiction because as shown in Section 11.2.1
the geometric, partly plastic deformation, is very small for highly aligned composites.
This can be assumed at least shortly before failure and, due to the nature of compressive
failure, the test cannot be reversed just before failure since the point of failure is not
known. Also, nonlinearity caused by plastic shear deformation is probably overridden by
nonlinear axial response of the matrix.

Although there is some indication that the effect of misalignment is smeared by
interaction between fibres, it is likely that a few isolated kinks or strongly misaligned
fibre bundles will trigger compressive failure. If the misalignment angle is large
(compare Figure 11.2.1-1) geometric fibre deformation is of the same order as axial
compression deformation. At the point of shear instability axial elastic strain can be
accommodated by further geometric deformation. The load is redistributed and
catastrophic failure does not necessarily follow. This situation is probably seen in woven
cross-ply CFRP. If, however, the kink angle is small, say below 2° as in highly aligned
unidirectional CFRP, geometric deformation when loading the composite axially is

* This assumption is reasonable since the performance of 9106 was qualified as not being satisfactory by
the manufacturers. IISS data, however, are comparable to the the 914 epoxy. Possibly, the shear

response of the composite is more nonlinear as in the case of saturated XAS/914C.
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negligible compared to the axial deformation. Local shear instability, therefore, causes
large geometric deformation when the axial strain is ‘released’. Failure then is
catastrophic. The buckled bundle disturbs the equilibrium of the neighbourhood, leading
to a spread of the kinked zone. Fleck and Budiansky (1990) have shown that once a kink
is initiated only small axial compressive stress is needed for the failure front to progress.

Since stress concentrations in test coupons are usually highest on the surfaces,
failure is expected to be initiated there. This coincides with the experimental
observations. An exception is possibly the case of ‘quarter-point’ failure when the
coupon buckles. Through-thickness shear stresses then are highest in the centre of the
specimen at approximately quarter gauge length, the location of failure as discussed in
Section 5.2.

Generally, compressive failure involves kink bands, i.e. a half wave length, rather
than a complete or several wave lengths, although microbuckling involving several wave
lengths has been observed occasionally (e.g. Figure P-4). The fact of predominant
kinking can be explained by the fact that even if fibre bundles posses a wavy form in the
composite it is unlikely that the wave will be symmetric. Instability will occur at the
section with the largest amplitude or, if amplitudes are similar, where the stress field
promotes instability.

An illustration of frequently observed ‘reflection’ of kink bands on free edges
(reported in Chapter 4, also referred to as forked or wedge-type failure in Chapter 5) is
given in Figure 11.3.2-1.
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Figure 11.3.2-1: Illustration of propagation of kink bands at a free specimen edge.
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Region 1 is momentarily unloaded when failure 1s initiated. The kink spreads to region 2,
deforming fibres on the free surface whilst at region 1 fibres have fractured in the vicinity
of highest curvature. Optical micrographs show that fibres adjacent to the kink band
remain straight after fibre failure (compare Figures P-4 (a) to (c)). Unlike the fibres in
region 1 the deformed fibres in region 2 are still under compressive stress, since the load
bearing capability of the kink band is small, and a ‘reflected’ kink is is initiated. When
the first kink is established over the width the kinked fibres lock up (Fleck and
Budianskd, 1990). Due to the elastic energy stored in the test rig and specimen the load is
built up again to a lower level when the test is interrupted at first failure in displacement
controlled tests. The ‘reflected’ kink might therefore be promoted to region 3. This goes
on, until the remaining compressive stress is too low to promote the kink. If a failed
specimen was deliberately further loaded this mechanism could be provoked until the kink
had travelled through the whole specimen.

11.3.3 Conclusions

In conclusion, it has been shown that all the current experimental findings could be
verified by the simple analytical model. Compressive failure could be predicted for two
quite different CFRP systems without having to fit input data to experimental results.
The mean angle of fibre misalignment as defined in Chapter 8 provides reasonable
predictions when used to predict shear instability from the nonlinear composite shear
stress-strain curve. Fibre alignment has been shown to be such an important factor when
assessing the compressive strength of a composite that models not including this
parameter cannot be accepted. The influence of moisture was reflected in the shear-stress
strain curve and the consequence on compressive strength was predicted correctly.
Unfortunately, the effect of temperature on the compressive strength could not be
examined in the present investigation. But, as Wang (1978) pointed out, test results for
higher temperatures could be predicted satisfactorily by using input data for fibre
misalignment which fitted the room temperature test and the shear stress-strain curve at
the relevant temperature.
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CHAPTER 12 CONCLUSIONS AND SUGGESTIONS

FOR FUTURE WORK

12.1 Conclusions of the Experimental Work

Conclusions of compression testing generally

x

The large variation of test results found in the published scientific literature has been
repeated in the experiments carried out in this investigation using XAS/914C. It has
been suggested that this is largely a consequence of specimen design rather than
specific for a certain test method. Support for this assumption is the large variation
of results gained with a particular method. However, in the present investigation it
was found that methods introducing the load by mixed shear/end-loading in general
give more consistent results.

Compressive failure is catastrophic and spreads across the cross-section, separatihg
the test piece. In all cases some longitudinal splitting was present but it is thought
that this is a post-failure event. Failure in almost all cases initiated at external stress
concentrators such as tab tips or points of contact with the testing jig.

A new test method combining features of established methods but avoiding their
shortcomings has been proposed. It uses an end-loaded tabbed test piece and
frictional effects are eliminated by the use of a die set. For XAS/914C significantly
higher test results could be realised than reported so far for test pieces with
equivalently unconstrained gauge section. The method is very versatile as it can
easily be adapted to a range of different test piece geometries.

The most significant test piece parameters when using the proposed method have
been identified as the slenderness ratio of the test piece and the mechanism of tab tip
debonding. Tab tip debonding was found to reduce stress concentrations and fibre
deflections at the tab tip. These factors are thought to be detrimental to the
measured compressive strength of a coupon and particularly severe for indirect test
methods. |

The combination of tab stiffness and bond strength is crucial for the strain at which
tab tip debonding occurs. Test pieces machined from unidirectional laminates
proved to be suitable, since the high tab stiffness caused tip delamination at low
strains. If tab tips debonded at strains near the failure strains the resulting
instantaneous (often sudden) load eccentricity could cause premature failure.
Application of debond inserts yielded the desired effect as well.
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Tab tip debonding did not lower the buckling stress, i.e. the effective unsupported
length was not changed significantly. However, the resulting strain signals in some
cases resembled the ones typical for macrobuckling of the test piece.

Further factors influencing the test result were found to be the method of specimen
production and the care and experience of the operator. Often it is found that the
second attempt yields higher results than the first one under apparently unchanged
conditions.

The effect of layer misalignment is suppressed when using short specimens since
shear deformation is hindered by the test rig.

General findings regarding CFRP

*

Carbon fibre-reinforced plastics behave nonlinear-elastically up to fracture both in
tension and compression, i.e. the tensile and compressive stress-strain curves are
nonlinear and reversible. A consequence of this is that the axial modulus of
elasticity is increasing in tension and, to a higher degree, decreasing in
compression.

The nonlinear character of the stress-strain behaviour has been proven
experimentally to be caused by the nonlinear nature of the fibres themselves. GRP,
glass fibres being isotropic, behaves aimost linearly up to fracture although fibre
misalignment was found to be similar in GRP and CFRP. Also, the fact that the
stress-strain behaviour of CFRP is elastic puts weight to the argument.

The decreasing modulus in compression contributes to the tendency of macroscopic
buckling at high strains. This could be verified analytically by assuming that the
local modulus is responsible for the buckling behaviour rather than the initial or
secant modulus.

Compressive failure in the CFRP systems examined, including XAS/914C and
APC-2, is by fibre microbuckling with consequent development of a kink band.

Longitudinal splitting and brushing of specimen ends is a post-failure effect.

It has been suggested that stress gradients, for example when bending a laminate,
allow higher compressive stresses compared to the uniaxial stress state to be
realised because of the support effect of the less stressed regions.

Significance of coupon compression testing

*

If failure is by microbuckling and not by macroscopic instability of the test piece,
then the coupon test gives lower bound of compressive strength. Unfortunately, it
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1s difficult to assess how low.

Failure strains in other tests such as flexure and compression of multidirectional
laminates are usually higher than the ones gained in coupon tests. Results of these
tests should always be taken into account as a reference when assessing the
compressive strength of a system, considering the previous topic.

Use of the method presented in this study is recommended in order to obtain
meaningful results.

Variation of coupon test results allows conclusions on the sensitivity of the
compressive strength of a laminate in complex stress. This is of great practical
importance for structural applications.

Recommendations for the testing practice

E S

It is essential that test pieces are instrumented with strain gauges which allow
separate reading of opposing surface strains. The true failure sequence is often not
possible by examining the fractured test piece. Effects such as bending,
asymmetrical tab debonding, interlaminar failure or wrongly loading the testing jig,
which all can lead to premature failure or falsified results, can be identified through
the stress-strain curve. In particular, macrobuckling of the test piece has to be
recognised, which is hardly possible without separate strain readings.

Measurement of test piece dimensions, although regarded as a trivial issue, should
be considered as a source of error. When fabric peel plies are used when
manufacturing the laminates the imprinted surface pattern can falsify the thickness
measurement, which is of consequence particularly in flexure tests. Insufficient
machining of edges, i.e. leaving scratches or wedging the edges, can, if not
influence the failure, at least cause misleading measurement of the test piece width
(or thickness if the gauge section is machined).

Specimen surfaces in contact with the grips have to be flat in order to avoid test
piece bending. Although accuracy of test piece machining is not confined to
compression testing, this is of particular importance with short compression test
pieces. Obviously, when the load is introduced at the ends additionally these end
surfaces have to be flat and square. In the present investigation a simple and very
effective procedure to produce suitable test pieces has been presented.

The stress-strain curve has to be analysed carefully before determining the modulus
of elasticity. Particularly in the initial part, where the modulus is read from, the
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curve can be falsified by friction. Procedures calculating the modulus automatically
are dismissed.
In order to achieve meaningful results using indirect compression test methods (e.g.
CRAG, Celanese, IITRI) the following measures are recommended:

It was found that when the tab ends emerged slightly from the grips, equivalent to
tapering of the tabs, the measured strength results was increased. Since the
constraints were reduced, this is thought to be a more realistic test.

* There 1s evidence that the mechanism of tab debonding is beneficial for indirect test
as well as for test methods using end-loaded test pieces.

* The grips must have the right roughness in order to avoid slipping of the specimen
without having to apply excessive transverse pressure. On the other hand, it has
been observed that serrations in the grips, whilst ensuring safe grip, promoted
premature failure.

* The CRAG fixture has to be adjusted carefully to the test piece dimensions. Since
the method generally is prone to large variation of results, it is not recommended.

* British Aerospace rig was found to be the most convenient methods of the indirect
ones and is therefore recommended.

* Change method for ICSTM method.

12.2 Conclusions of Theoretical Investigations

* Load-strain behaviour of four-point flexure test pieces could be described using the
stress-strain curves from axial coupon tests.

* Shear deformation and decreasing modulus of elasticity were found to be important
parameters when analysing macroscopic instability of CFRP coupons. Buckling
stresses could be predicted satisfactorily when the tangent modulus of elasticity and
shear correction were used. It was found that both clamping factor and effective
shear modulus are likely to decrease with increasing compressive stress.

*  Microbuckling has been predicted by using a simple analysis assuming that failure
is by shear instability. The main input parameters determining the compressive
strength of the laminate are initial fibre waviness and the shear response of the
composite.

* Input of an experimentally determined mean value of the initial fibre angle
distribution and the shear response of the composite from a +45° tension test led to
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satisfactory predictions of the compressive strength of two systems with quite
different compressive properties: XAS/914C and APC-2.

* Using the kinematics of the strength model, it could be demonstrated that the
nonlinear stress-strain characteristic, in particular under compression, is not caused
by geometric effects due to fibres not being perfectly aligned, but by nonlinear
elastic behaviour of carbon fibres.

The strength model also allowed one to explain experimental evidence (e.g. some
low test results using indirect test methods) by a combination of hardware-
introduced effects such as stress concentrations (shear and axial) and surface fibre
deformation.

Recommendations for Structural Applications

Basically, what was said for a test piece holds true for any structure. Unidirectional
CFRP has proven to be extremely sensitive to contact stresses. Specimens failed at 60 %
of their potential maximum load when the CFRP was in pressure contact with steel edges
(Birmingham method). In flexure test pieces failure occurred at considerably lower
failure stresses when the loading rollers were not padded. Simple measures such as
padding the roller could raise the compressive capability significantly (as a matter of fact,
tensile failure occurred when the rollers were padded and compressive failure could not
be provoked). Also, it was suggested that additional fibre deflection caused by load
introduction causes premature failure. Consequently, apart from obvious stress raisers,
such as notches and holes, the following should be considered in structural applications:

* Shear stresses due to load introduction should be as low as possible in
compressively loaded components.

* Dangerous short wave fibre deflections could be caused by contact with other
components, Creep of the CFRP should be considered as well. For instance,
support fixtures might indent a cylindrical structure under compression in long term
applications.

* Unidirectional layers in general should be sandwiched, e.g. by angle plies.

* One should aim for good fibre alignment with the load axis. In particular, fibres
should be as straight as possible. This could be achieved by putting fibres under
slight tension during curing and cool-down.
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12.3 Suggestions for Future Work

In the present investigation several questions have been answered only partially.
Although trends have been predicted correctly, further work on the following topics is
desirable.

Experimentally

Regarding coupon compression testing the following investigations are thought to be
useful:

* A test method has been proposed and proven, basically using one particular carbon
fibre reinforced plastic. It would be desirable to verify the results on different
materials. Also, the parametric investigation which in this study has been carried
out using a ‘standard’ test piece would yield interesting information on a test piece
with debond inserts.

* Optimising the specimen design to avoid macrobuckling. It has been suggested to
use a 16-ply test piece with a gauge length of approximately 7mm. Preferably, the
test piece should be machined from a thicker panel or have debond inserts in order
not to constrain the gauge section.

The problems of load introduction pose severe limitation on the reliability of coupon
compression testing for material development and quality control. It has therefore been
suggested that the unidirectional coupon tests should be challenged by test methods with
reduced stress concentrations:

* Further assessment of deriving unidirectional compression properties from testing
multidirectional laminates.

* Further assessment of flexure testing as a method to determine compressive
properties of unidirectional materials. In particular, it is suggested to use flexure
tests in order to assess the influence of an overall misalignment of the laminate or
single layers, since the reaction forces in coupon tests do not allow one to assess
these parameters.

* The promising results achieved using sandwich columns (Kim and Crasto, 1990)
encourage the use of the test configuration introduced in the present study for
loading of sandwich columns as illustrated in Figure 12.3-1. It has been shown
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that stress concentrations caused by load introduction can be significantly reduced
using an end-loaded specimen with debond inserts. It would be interesting to find
out what results the advantages of testing a sandwich column, i.e. testing of very
thin laminates, combined with reduced stress concentrations from load introduction

7/
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Thin unidirectional

composite sheets - Resin core
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GRP tabs
unbonded \
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\
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Figure 12.3-1: Proposal for the use of a sandwich column in the ICSTM test rig

shown in Figure 5.1-4.

Fibre alignment measurements

*

Measurement of out-of-plane misalignment and comparison to the in-plane
misalignment analysed in the present study.

Analysis of single layers in order to obtain information about the contribution of
misaligned layers to the overall fibre angle distribution.

Examination of different materials, e.g. glass fibre-reinforced plastics.

Determination of the quality of fibre misalignment. Although there is some (visual)
evidence of fibres being misaligned in bundles, there is no means to quantify
wavelength and spatial distribution of single bundles.

There remains some uncertainty about the validity of +45° tension tests for determination
of the shear response. In particular, viscoelastic effects have been suggested to influence

the results. This should be a topic of further investigation.
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Analytical work

*  Moving from a basically one-dimensional model to a true two-dimensional one
would allow interaction of misaligned fibre bundles to be taken into account. As a
first step, a fibre distribution as determined in Chapter 8 could be assumed.

* The transfer of data gained from coupon tests requires a better knowledge of the
three-dimensional stress state in a test piece. A nonlinear finite element model
including plasticity would yield useful information.

Principal Conclusions

® Most conventional test methods, although yielding
meaningful results in their optimum form, allow too
much influence of the particular tester for them to be
recommended as standard test methods

® Application of strain gauges are a prerequisite for
compression testing in order to assess the validity of
the test, particularly in order to identify macro-
instability.

® Disagreement of predicted and measured compressive
strength of CFRP is largely a consequence of the
influence of the testing conditions. Unidirectional
CFRP is extremely sensitive to stress concentrations.

o The ICSTM method proposed in this work combines
simplicity of specimen production, ease of use and re-
peatabilty of realistic results for a range of materials.

® Fibre alignment and shear response are the main
parameters governing the compressive strength of
unidirectional high strength carbon fibre-reinforced
plastics.
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FIGURES

F-1to F-18

Note:

Cl: Signal of the strain gauge facing the operator
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Tabbing material: woven cross-ply glass fibre/epoxy
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ASTM D6952 1 75 10 35 1.7 5 -
ICSTM (standard) 2 90 10 40 1.7 10 -
ICSTM (insert) 2 90 10 40 1.7 10 5

All dimensions in mm

Figure F-1: Compression test piece dimensions.
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Figure F-2: Stress-strain curves of unidirectional XAS/914C using the ICSTM compres-



Figures 253
2000 2000
C1
_, 1500 1 & . 1500 4
g 4
s 2
Y 0
2 g
# 1000 4 & 1000
2 2
g g
- :
£ 500 E 500
Q o}
(] (5]
G10-1 G10-2
0 T T T g T T T T 0 T v T T T T 7
0.0 0.5 1.0 15 20 25 00 05 10 156 2.0 25
. -
Compressive Strain [%o} Compressive Strain [%]
2000 2000
C1 C1
= 1500 —l —, 1500 4
g £
2 z
: g
& 1000 4 & 1000
)
> []
g =
; |
S 500 E 500
o 8
G10-3 G10-4
0 T : v T —T v 0 - . T r T T T v
0.0 0.5 1.0 156 20 25 0.0 05 1.0 15 20 25
Compressive Strain [%} Compressive Strain [%]
2000 2000
C1
n — 1500
5 1500 c1 ¥
S 3
& 1000 & 1000
I L
e g
§ 500 § 500 -
G10-5 G10-6
0 T v T T T T T T 0 T T T —r T
0.0 05 1.0 15 20 25 0.0 05 1.0 15 20 25

Figure F-3:
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Stress-strain curves of unidirectional XAS/914C using the ICSTM
compression test method with standard test piece; gauge length 10 mm.
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Figure F-4:
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Stress-strain curves of unidirectional XAS/914C using the ICSTM
compression test method with standard test piece; gauge length 15 mm.
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Figure F-5:

Stress-strain curves of unidirectional XAS/914C using the ICSTM
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compression test method with standard test piece; gauge length 20 mm.
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Figure F-6: Stress-strain curves of unidirectional XAS/914C using the ICSTM compres-

sion test method with standard test piece; gauge length 30 and 50 mm.
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Figure F-7: Stress-strain curves of unidirectional XAS/914C using the ICSTM
compression test method, test piece gauge length 10 mm, initial debond by

bending.
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Stress-strain curves of quasi-unidirectional XAS/914C using the ICSTM
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length.
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Figure F-9:

Compressive Strain (%]

Stress-strain curves of unidirectional XAS/914C using the ICSTM
compression test method; test piece gauge length 10 mm, tap tip debond by
inserting a 5 mm strip of PTFE tape.
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Figure F-10: Stress-strain curves of unidirectional XAS/914C using the ICSTM
compression test method, test piece gauge length 10 mm; tap tip debond by

inserting a 5 mm strip of cellulose adhesive tape.
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Figure F-11:
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Some typical stress-strain curves of unidirectional Apollo/9106C with
different levels of fibre surface treatment using the ICSTM and the

Birmingham (BI) method.
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Figure F-12: Stress-strain curves of unidirectional APC-2 using the ICSTM compression
test method, test piece 10 mm machined gauge section.
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Figure F-13: Stress-strain curves of unidirectional APC-2 using the ICSTM compression
test method,; test piece gauge length 10 mm with 5 mm debond (cellulose

tape) insert.
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Figure F-14: Stress-strain curves of quasi-isotropic XAS/914C (laminate L1) using the
ICSTM compression test method with sandwiched test piece.
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Figure F-15: Stress-strain curves of unidirectional XAS/914C; tension tests.
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misalignment,; shear curves of XAS/914C (‘dry’ and ‘saturated’) and

Chart for graphical solution of compressive strength for a given angle of
APC-2 are given.

Figure F-18:
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Figures P-1 to P-21
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IITRI ASTM D695 ICSTM CRAG
modified

Figure P-1: Various compression test jigs; same scale.
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Figure P-2: British Aerospace compression jig.
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Figure P-3: Compression jigs with specimens mounted, disassembled; not same scale.
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Figure P-4: Mzcrographs of compressive failure modes of CFRP; (a) in-phase
buckling of fibres forming a band including several wave lengths of

buckled fibres; (b) and (c) kink bands.
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Figure P-5:
Typical compressive
failure of a CFRP test
piece using the modified
(@) ASTM D695 method;
(a) gauge section failure
(b) end failure.
(b)
Figure P-6:
Micrograph of the tab
tip region, specimen v ;
through-thickness e 0 :
loaded by a clamping G
device. - ' dl il
Figure P-7:
Micrograph of
compressive failure

initiated at tab tip.
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Figure P-9: ICSTM compression rig mounted in universal testing machine.
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Figure P-10: Buckling of a CFRP test piece with 50 mm (a)-(e) and 10 mm (f) gauge
length using the ICSTM method, (a) initial state; (b) onset of buckling,
(c) buckled shape, increased deflection, (d) shape just before failure; (e)
fractured test piece; (f) 10 mm test piece just before failure.
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(@) XAS/914C; 50 mm gauge
length. (G50-2; UCS 475 MPa)

(b) XAS/914C; 30 mm gauge length.
(G30-2; UCS 908 MPa)

1. DELST-4;UCS 1837 MPA 2. PMI-4,UCS 1831 MPA
(e) XAS/914C; compressive failure under end tabs.

'.‘Lm
c» 28

1. APCS-2; UCS 1111 MPa 2. APCS-1; UCS 1101 MPa
(f) APC-2(AS4/PEEK)

Figure P-11: Macroscopic failure modes of compression test pieces using the ICSTM
method, details in Chapter 5.
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Figure P-12:

Scanning electron micro-
graph of the compression
Jracture surface of a
XAS/914C test piece.
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LA DR
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Figure P-13: Scanning electron micrograph showing the compression fracture surface
of an APC-2 test piece,; note the bent but unfractured fibres (right);
buckled fibres fractured at vicinity of highest curvature form a kink band

(left).
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Figure P-14: Scanning electron micrograph of a kink band surface in APC-2
(AS4/PEEK) showing ends of fibres failed in flexure.

Figure P-15: Scanning electron micrograph at higher magnification of centre fibre end
in Figure P-14 (x10000) showing details of flexural fibre failure.
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Figure P-16: Scanning electron micrograph of a compression fracture surface in
APC-2 (AS4/PEEK) showing bundles of buckled fibres.

(a)

(b)

Figure P-17: Fractured ASTM D790M-84 four-point bend test pieces, (a) compressive
failure above rollers using a standard jig, (b) tensile failure above rollers
using rollers with plastic sleeves.
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(a)

Figure P-18: Compression failure of non-standard specimens using the ICSTM
method: (a) thick woven crossply GRP; (b) woven crossply CFRP;
(c) multidirectional CFRP; width of test piece 10 mm in all cases.

20kU K509

Figure P-19: Scanning electron micrograph of the compression fracture surface in
the 0°-ply of multi-directional XAS/914C; lay-up: [(+45/-45/10/90)3] s,
45°-plies removed.
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: Micrographs taken from
~=_polished samples of

- unidirectional CFRP

. Intersected at an angle

i (0) Apollo 43-750/9106C
__, 0% fibre surface
- trearment

Figure P-21: Sample of unidirectional XAS/914C polished parallel to the fibres.



TABLES

T-1 to T-34

Abbreviations and terms used in the tables:

UucCs
UCSN
UTS
UTSN
MOD

r
w
A

Test speed:
Bolt torque:

Ultimate compressive stress
Ultimate compressive strain
Ultimate tensile stress

Ultimate tensile strain
Longitudinal modulus of elasticity
(0.25 % secant)

Measured thickness of the test piece
Measured width of the test piece
Cross-sectional area: A=wt

Rate of testing machine crosshead displacement
Torque applied to the clamping bolts of the ICSTM rig
near the specimen end/near the gauge section
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G5 %:t gﬁd: Il(?SS’fnhI/fll/fltlailgdard specimen; Smm gauge length
XASOI4C | 30 Jites insromented with | strsin pauges
N | ot | ot | ot | ooa | on
1 2.12 } 10.01 | 21.22 1442 119.9 ,
2 2.01 997 | 20.04 - N/A End failure; rig loaded
3 2.05 | 10.00 | 20.50 1716 118.2 ,
4 2.08 | 10.01 | 20.82 1418 116.7 -
5 1.94 | 10.01 | 19.42 1651 N/A -
6 1.98 | 10.01 | 19.82 1695 N/A Reload at 225 MPa
Statistics Mean On-1 Cv [%]
UCS [MpPa] 1584 143.1 9.0
MOD [GPa] 118.3 - -

Table T-1: Test results for the compressive strength of XAS/914C; gauge length 5 mm.

G7 ?:: $°§£d: Il(.ZSSLl\I/il//itngEdard specimen; 7.5 mm gauge length
T
No | o | o [m?nzl FM(;E 1}/([}2:]) Notes
1 2.08 | 10.02 | 20.84 1480 - -
2 1.96 | 9.98 | 19.56 1477 122.2 ,
3 | 2.10 | 10.00 | 21.00 | 1634 121.8 Reload at 533 MPa
4 2.11 998 | 21.06 1785 127.0 ,
5 2.00 | 10.01 | 20.02 1471 - ,
6 2.05 | 10.00 | 20.50 1615 122.8 -
Statistics Mean Op-1 Cy [%]
UCS [MPa] 1577 125.4 8.0
MOD [GPa] 123.5 2.4 2.0

Table T-2: Test results for the compressive strength of XAS/914C; gauge length 7.5 mm.
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Test method:  ICSTM/Standard specimen; 10 mm gauge length
G10 Testspeed: 1.5 mm/min
Bolt torque: 10/5 Nm
XAS/H14C Test pieces instrumented with 2 mm strain gauges
No t w A X UCS MOD Notes
(mm] (mm] | [mm“] [MPa] (GPa]
1 2.09 | 9.99 | 20.88 1620 117.4 -
2 2.12 | 998 | 21.16 1618 117.1 -
3 2.12 | 993 | 21.05 1712 115.0 -
4 2.12 | 998 | 21.16 1694 116.2 -
5 | 212 | 1001 | 2122 | 1348 114.3 No obvious cause for low
strength value
6 2.12 1 10.00 | 21.20 1712 111.5 -

Statistics Mean Op-1 Cy %]
UCS [Mpraj 1617 138.8 8.6
MOD [GPa] 115.3 2.19 1.9

Table T-3: Test results for the compressive strength of XAS/914C; gauge length
10 mm.
Test method: ICSTM/Standard specimen; 12.5 mm gauge length
G12 Test speed: 1.5 mm/min
Bolt torque:  10/5 Nm
XASPH14C Test pieces instrumented with 2 mm strain gauges
No ¢ w A UucCs MOD Notes
[mm] [mm] | [mm?] [MPa] [GPa]
1 2.10 9.96 | 20.92 - 115.4 End failure at 1452 MPa
2 2.12 | 10.00 { 21.20 1626 116.3 -
3 2.12 | 999 | 21.18 | 1441* 116.8 *End tab debond before failure
4 2.13 | 9.99 | 21.28 1614 117.4 -
5 2.12 996 | 21.12 1446 116.2 -
6 2.13 | 998 | 21.26 1552 118.9 -

Statistics Mean Op-1 Cy (%]
UCS [MPa] 1536 88.8 5.8
MOD [GPa] 116.8 1.21 1.0

Table T-4: Test results for the compressive strength of XAS/914C; gauge length

12.5 mm.
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G15 %:: :;Zg:ﬁd: 11§Ss;h;1/ﬂiilg§dard specimen; 15 mm gauge length
XASOIC | 104 pices insromented with 2 mm srsin auges
No [m[m] [mMI)n] [mAII12] E\’I(;a? 1}/([3(1;):]) Notes
1 2.13 | 9.99 | 21.28 1546 122.6 -
2 2.1 9.93 | 20.85 1581 121.4 -
3 2.13 997 | 21.24 1506 121.4 -
4 1.97 | 998 | 19.66 1431 119.0 -
5 2.06 | 9.89 | 20.37 1510 121.8 -
6 2.01 } 10.02 | 20.14 1369 119.1 -
Statistics Mean Op-1 Cy [%]
UCS [MPg] 1491 55.9 3.7
MOD [GPq] 119.7 4.00 3.3

Table T-5: Test results for the compressive strength of XAS/914C; gauge length 15 mm.

Test method: ICSTM/Standard specimen; 20 mm gauge length
G20 Test speed: 1.5 mm/min
XASR914C Test prones instrumented with 2 mm stran gauges
No | o | [milzl Ewga? I}ég:]) Notes
1] 215 10 {2150 1227 120.4 _
2 | 2.16 | 9.87 | 2132 | 1148 116.1 -
3 | 2.15 | 999 | 2148 | 1157 116.9 Re};’;‘f‘j;‘rj;u?fol}gpa
4 | 2.16 | 1002 | 21.64 | 1213 120.6 -
5 | 2.16 | 9.98 | 2156 | 1193 120.0 _
Staristics Mean Op-1 Cyv [%]
UCS  [MPa] 1188 34.4 2.9
MOD  [GPa] 118.8 2.13 1.8

Table T-6: Test results for the compressive strength of XAS/914C; gauge length

20 mm.
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Tables
Test method:  ICSTM/Standard specimen; 30 mm gauge length
G30 Test speed: 1.5 mm/min
XaSOliC | Bwe SN g
No [min] [m»:n] [m?nz] I[JM(IZS 1}2(13:1) Hotes
1§ 2.10 | 10.00 | 21.00 893 119.5 -
2 1 207 | 996 | 20.62 908 122.7 -
Statistics Mean Op-1 Cy (%]
UCS [MPa] 900 - -
MOD [GPaj 121.1 - -
Table T-7: Test results compressive strength of XAS/914C; gauge length 30 mm.
G50 %2: ﬁ?d: Ilc?ssmﬁsdard specimen; 50 mm gauge length
No [min] [mvfn] [m?nzl FM(lia? 1}2(13:1) Notes
1 2.11 | 10.01 | 21.12 469 120.2 -
2 | 2.02 | 9.87 | 1994 475 128.8 -
Statistics Mean Op-1 Cy (%]
UCS [MPa] 472 - -
MOD [GPa] 124.5 - -

Table T-8: Test results compressive strength of XAS/914C; gauge length 50 mm.
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TS Laminater 8 plies 1 mm nomnel thickness oo
XASOUC | et L mmn
Test pieces instrumented with 2 mm strain gauges.
No [mtml [m‘Ll [m?nzl }1{4(153 1\[4(33 notes
1 1.03 | 996 | 10.26 1283 121.6 -
2 0.99 | 998 | 9.88 1387 127.9 -
3 1.03 992 | 10.22 1297 122.4 )
4 1.03 | 994 | 10.24 1397 118.9 -
5 1.03 | 997 | 10.27 1267 117.9 -
Statistics Mean Op-1 Cv (%)
UCS [MPa] 1326 61.1 4.6
MOD [GPa] 121.7 3.91 3.2

Table T-9: Test results for the compressive strength of XAS/914C; 8-ply laminate.

T12 Lo o iees 1.5 mom vt ticenenes P
XASP14C B fgre(?ude ;ffzmins//l;n N, #3.455: 5/5 Nm
Test picces instrumented with 2 mm strain gauges.
No | o | o [nfnzl gvg: 1\[/(1}%1]) Notes
1 1.59 9.85 | 15.66 1454 115.6 -
2 1.54 9.94 | 15.31 1586 120.7 -
3 1.53 995 | 15.22 1581 121.3 )
4 1.55 | 10.00 | 15.50 1633 124.2 -
5 1.58 9.82 | 15.52 1665 119.9 -
Statistics Mean On-1 Cy (%]
UCS [MPa] 1584 80.4 5.1
MOD [GPa] 120.3 3.11 2.6

Table T-10: Test results for the compressive strength of XAS/914C; 12-ply laminate.
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Test method: ICSTM
SGG Gauge. sectic_)n machined ﬁ‘qm 4 mm lam%natc
XASPC | e e e e tone
No 3 w A UCS MOD Notes
fom} | [mm} | (mm?} | [MPa] [GPal
Loaded to 1000 MPa - torque
1 2.06 9.80 20.19 1763 N/A 5/0 Nm; reload to failure with
15/15 Nm
2 1.88 | 9.78 | 1839 | 1551% N/A * significant bending
3 2.03 9.84 | 19.98 1814 N/A -
4 1.95 9.85 | 19.21 1726 N/A -
5 2.02 9.85 | 19.90 1757 N/A -
Statistics Mean Op-1 Cv (%]
UCS [MPa] 1722 100.8 5.9
MOD [GPa] N/A N/A N/A
Table T-11: Compressive strength of XAS/914C; specimen machined from 32-ply
laminate.
Test method:  ICSTM
SGGF stugr::ec(;ion machined from 4 mm laminate; surfaces of tabs ground.
XAS/914C i::: 5;):38 insnunf?f:,im‘}q;?nz mm strain gauges
Bolt torque: #1,2: 5/5 Nm # 3-5: 15/15 Nm
No t w A X UCS MOD Notes
(mm] [mm] | [mm“] [MPa] [GPa]
1 2.00 9.72 | 19.44 1707 119.8 -
. ol
2 | 201 | 977 | 19.64 | (1604) | nya |Lodflueafie b =
3 2.01 9.67 | 19.44 1693 N/A -
4 2.06 9.77 | 20.13 1741 N/A -
5 2.01 924 | 18.57 1680 N/A -
Statistics Mean On-1 Cv (%]
UCS [MPa) 1705 26.3 1.5
MOD [GPa] N/A N/A N/A
Table T-12: Compressive strength of XAS/914C; specimen machined from 32-ply

laminate; additional machining of the tab surfaces.
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DEB Test method: ICSTM
Debonding of tab tips by bending of the test piece; debond length 6-
914C/XAS 8 mm
Test speed: 1.5 mm/min Bolt torque: 10/5 Nm
No t w A UCS MOD Notes
[mm] [mm] | [mm?] [MPa] [GPa]
1 2.11 10 21.10 1864 118.4 -
2 1.99 9.96 | 19.82 1653 122.7 -
3 2.15 995 | 21.39 1719 125.9 -
4 2.15 995 | 21.39 1818 120.4 -
5 2.07 9.97 | 20.64 1752 120.6 -
Statistics Mean Op-1 Cy (%]
UCS [MPq] 1761 82.7 4.7
MOD [GPA] 121.6 2.85 2.3
Table T-13: Influence of initial tab tip debonding on the compressive strength of
XAS/914C.
PP3 Test method: ICSTM
Smooth surface finish of gauge section, peel ply Tygavac RF
XAS/914C 260/P3
Test speed: 1.5 mm/min Bolt torque: 10/5 Nm
No t w A UCS | MOD Notes
(mm] | [mm] | (mm?] | [MPa] | [GPa]
1 2.13 998 | 21.26 | 1706 - Crackling sounds during test
2 2.15 997 | 21.44 | 1921 - -
3 2.14 994 | 21.27 | 1618 - -
4 2.15 995 | 21.39 | 1656 | 113.6 -
5 2.15 [ 10.00 | 21.50 | 1636 | 1155 -
6 2.15 999 | 21.48 | 1592 - -

Statistics Mean Op-1 Cy %]
UCS [MPa] 1688 120.4 7.1
MOD [GPA] 114.6 - -

Table T-14: Influence of surface finish on the compressive strength of XAS/914C.
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PM1 Test method: ICSTM
XAS/H14C ’l;'le);tl asi,)elg()i[ (f?;)xiﬁ;/mm Bolt torque: 5/10 Nm
Ne [min] [mM;l] [ml?nzl ?ng I;/é(;a]]) Notes
1 2.11 | 10.00 | 21.10 1717 117.7 Tab tip debond
2 2.12 | 996 | 21.12 1773 116.9 Tab tip debond
3 1 212 | 997 | 21.14 | 1466 119.3 No tab tip debond
4 | 2.12 | 996 | 21.12 | 1831" 122.9 | *Failure under tab; tab tip debond
5 | 213 | 996 | 2121 1762 118.8 Tab tip debond
Statistics Mean Op-1 Cv [%]
UCS [MPa] 1710 142.2 8.3
MOD [GPA] 119.1 2.31 1.9
Table T-15: Influence of layer alignment on the compressive strength of XAS/914C.
X(zi(S)/;AliC ;}};I%ggﬂi{ ii%{;?nmachined at 2° to the fibre direction
No | | [mi@] I[JM(;asi 1\[2(13:1) Notes
1 2.12 | 996 | 21.12 | 1638 | N/
2 | 207 | 995 | 20.60 | 1651 | NA
3 2.12 | 992 | 21.03 | 1615 | NA
4 2.13 | 997 [ 21.24 | 1626 | wNA
5 2.13 | 995 | 21.19 | 1712 | N/
Statistics Mean On-1 Cy [%]
UCS [MPa] 1648 38.0 2.3

Table T-16: Influence of laminate alignment on the compressive strength of

XAS/914C.
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Test method: ICSTM
DELPT Debonding of tab tips by inserting of a PTFE strip
XAS/914C Debond length: 5 mm
Test speed: 1.5 mm/min Bolt torque: 10/S Nm
No t w A UcCsS MOD Notes
[mm] | {mm] | [mm?] | [MPa] [GPa]
1 2.12 9.94 | 21.07 1720 121.9 -
2 2.04 | 996 | 20.32 1687 127.0 Failure at end of debond insert
3 2.12 | 995 | 21.09 1675 111.6 -
4 2.09 | 992 | 20.73 1684 118.9
5 2.13 | 998 | 21.26 1756 118.5 -
Statistics Mean On-1 Cv (%]
UCS [MPa] 1704 33.5 2.0
MOD [GPa] 119.6 5.61 4.7

Table T-17: Influence of initial tab tip debonding on the compressive strength of
XAS/914C; debond by inserting 5 mm PTFE tape.

DELST ﬁ?&?ﬁfﬁzﬁf tatf ii;rg/; inserting of a strip of cellulose tape
XAS/914C Debond length: 5 mm
Test speed: 1.5 mm/min Bolt torque: 10/5 Nm
No | o | [m[;z] Flvga? 1:2(}3:]) Notes
1 190 | 998 | 1896 | 1698 121.3 Failure at end of debond insert
2 1.89 | 9.96 | 18.82 1754 119.8 -
3 | 205 | 998 | 2046 | 1928 126.3 Failure at end of debond insert
4 1.99 | 9.87 | 19.64 1837 126.6 | Failure under tab after debonding
S 2.1 9.95 | 20.89 1815 121.1 -
Statistics Mean On-1 Cy [%]
UCS [MPa] 1806 87.0 4.8
MOD [GPa] 123.0 3.19 2.6

Table T-18: Influence of initial tab tip debonding on the compressive strength of
XAS/914C; debond by inserting 5 mm cellulose adhesive tape.
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APCS éi?ltg?ﬁ?%n Irf:f(;ll'\ged from 4 mm thick laminate

ASUPEEK -1CI_| Tt s it vith 2 s s
No [min] [myfn] [mﬁﬁ] FM(;S 1}2(;:]) Notes
1 1.97 9.95 | 19.60 1101 120.3 -
2 | 198 | 997 {1974 | 1111 | 1182 | Creckingsound before central
3 1.97 996 | 19.62 1153 117.7 Cracking sound before failure
4 1.99 9.96 | 19.82 1149 127.7 -
5 2.00 | 992 | 19.84 1152 125.7 -

Statistics Mean Op-1 Cv %]
UCS [MPa] 1133 25.1 2.2
MOD [GPa) 121.9 4.5 3.7

Table T-19: Compressive strength of APC-2/AS4, machined specimen.

APCD Eﬁllmﬁlﬁgivfciﬁxose tape under tab tip
ASUPEEK 1C1_ | Tot s vt i s g
NO | oy | o [ml:ﬂ] FM;? 1}2(13:1) Notes
1 2.23 998 | 22.26 1353 127.1 -
2 2.22 995 | 22.09 1456 128.5 -
3 2.22 9.91 | 22.00 1658 126.0 central failure
4 2.22 996 | 22.11 1597 125.4 -
5 2.23 9.94 | 22.17 1493 125.4 -
Statistics Mean On-1 Cv [%]
UCS [MPa] 1511 119.7 7.9
MOD [GPa] 126.5 1.3 1.1

Table T-20: Compressive strength of APC-2; specimen with debond insert.
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Apollo 43-750/ Test method: ICSTM
Test speed: 2 mm/min
9106C Thickness measured as moulded (if no strain gauges are applied)
Lay-up | No ¢ w A UcCs Notes
[mm] [mm] [mm?] N]
01 1 2.30 9.76 22.45 1180 strain gauged
01 2 2.39 9.66 23.09 1356* -
01 3 2.38 9.66 22.99 1155 strain gauged
01 4 2.47 9.63 23.79 1345 -
01 5 2.39 9.73 23.25 1292 strain gauged
01 6 248 9.62 23.86 (1373%) -
01 7 2.38 9.6 22.85 1378 -
01 8 2.44 9.06 22.11 1081* -
X1 1 2.40 9.96 23.90 1356* -
X1 2 2.38 10.03 23.87 1394* -
X1 3 2.39 9.87 23.59 1297* -
X1 4 2.39 9.95 23.78 1338 -
X1 5 2.34 9.95 23.28 1251 -
X1 6 2.38 10.02 23.85 1325 strain gauged
X1 7 2.37 9.92 23.51 1360 |strain gauged; reloaded after
loading up to 700 MPa.
X1 8 2.25 9.95 22.39 1300 strain gauged
L1 1 2.65 9.95 26.37 (1325%) -
L1 2 2.64 9.96 26.29 1362* -
L1 3 2.65 9.99 26.47 (1339 )
L1 4 2.62 9.97 26.12 1381 -
L1 5 2.56 9.95 25.47 -
L1 6 2.56 9.96 25.50 1277 strain gauged
L1 7 2.55 9.98 25.45 1338 strain gauged
L1 8 2.62 9.96 26.10 1371 strain gauged
L1 9 2.63 9.8 25.77 1121 -

Table T-21: ... Continued on next page....
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Apollo 43-750/ | emetod i
9106C Thickness measured as moulded (if no strain gauges are applied)
Lay—up No ! w A UCS Notes
{mm] [mm] {mm?] [N]
Cl1 1 2.25 9.74 21.92 1245 -
Cl 2 2.27 9.65 21.91 1045 -
Cl1 3 2.29 9.81 22.46 (1090) failure under end tab
C1 4 2.24 9.8 21.95 1371 -
Cl | 5| 225 9.52 2142 | 1195 strain gauged
Cl1 6 2.28 9.83 22.41 1305 strain gauged
Cl1 7 2.29 9.83 22.51 1299 strain gauged
Cl 8 2.30 9.67 22.24 1383* failure in the centre of
gauge section
Cl1 9 2.27 9.79 22.22 1284 -
C2 1 2.42 9.99 24.18 1234 strain gauged
C2 2 2.39 9.92 23.71 1284 -
c2 |3 2.43 9.93 2413 | 1299* -
C2 4 241 9.95 2398 | (13419 failure under end tab
C2 5 2.32 9.99 23.18 1266 strain gauged
C2 6 2.35 9.92 23.31 1288 -
C2 U 2.35 9.88 23.22 - -
C2 8 2.40 9.99 23.98 1244 -
C2 9 2.42 9.9 23.96 1330 -
UCS [MPa} Mean Op-1 Cv (%]
01 1270 115.2 9.1
01-#6 1255 116.0 9.2
X1 1328 44.6 3.4
L1 1314 84.5 6.4
L1-#1,3 1308 99.0 7.6
Cl1 1246 117.0 9.4
C1-#3 1266 108.2 8.6
C2 1286 37.8 2.9

* kinking under the tab before gauge section failure

Table T-21: Test results for the compressive strength of Apollo 43-750/9106C with
different levels of fibre surface treatment,; ICSTM method with standard
specimen.
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Apollo 43-750] | 1o metod Brmingham
9106C Failure mode: E End failure C Central failure
G Failure where specimen emerges from block
Lay-up | No t w A UcCs Failure | Bolt torque
[mm] [mm] {mm?] N] mode [Nm]
01 1 1.53 9.995 15.29 1353 G 15/15
01 2 1.61 9.995 16.09 1289 G 15/15
01 3 1.64 10.00 16.40 (1317) E 15/15
01 4 1.58 9.995 15.79 1367 G 15/10
01 5 1.54 9.995 15.39 1386 G 15/10
01 6 1.64 9.995 16.39 1150 G 15/15
X1 1 1.55 9.995 15.49 1387 G 15/15
X1 2 1.51 10.00 15.10 1375 G 15/15
X1 3 1.55 10.01 15.52 1395 G 15/15
X1 4 1.54 9.995 15.39 1538 G 15/10
X1 5 1.52 10.00 15.20 1563 G 15/10
L1 1 1.62 10.00 16.20 1368 C 15/15
L1 2 1.61 10.00 16.10 1410 G 15/15
L1 3 1.61 10.005 16.11 1359 C 15/15
L1 4 1.6 10.00 16.00 1120 C 15/15
L1 5 1.28 10.00 12.80 1393 C 15/10
C2 3 1.61 10.00 16.10 (1236) E 15/15
C2 | 4 | L64 | 10005 | 1641 | (1327) E 15/15
C2 5 1.59 10.005 15.91 (1376) E 15/15
C2 6 1.59 10.005 15.91 (1357) E 15/15
C2 7 1.58 10.00 15.80 1304 C 20/10
C2 8 1.58 10.01 15.82 1256 G 20/10
Cc2 9 1.58 10.00 15.80 1364 G 20/15
C2 10 1.63 10.00 16.30 1286 C 20/10
UCS [MPa] Mean On-1 Cy [%]
01 1310 86.0 6.6
01-#3 1309 96.1 7.3
X1 1452 91.0 6.3
L1 1330 119.1 9.0
C2 1313 51.7 3.9
C2-#7-10 1303 : 45.5 3.5

Table T-22: Test results for the compressive strength of Apollo 43-750/9106C with
different levels of fibre surface treaiment, Birmingham method.
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ICIPPIYtron | Tew spoce 3 mumin " Bolttorque: 10/5 Nan
el I P o R e s
23 1 1.95 18.93 721 3.38 23.2 B
23 2 1.94 19.26 542 3.06 20.0 -
23 3 1.94 18.86 696 3.39 22.4 B
23 4 1.96 19.40 519 2.70 20.8 -
23 5 1.96 19.46 624 3.35 20.0 B
29 1 1.86 18.49 770 3.13 25.6 B
29 2 1.89 18.79 727 3.16 24.0 -
29 3 1.88 18.65 823 3.29 26.4 B
29 4 1.90 18.87 850 3.14 28.0 B
29 5 1.87 18.61 635 2.86 23.2 -
35 1 1.99 19.76 991 3.29 30.4 B
35 2 1.97 19.44 924 3.27 31.2 B
35 3 1.95 19.38 8§92 2.95 32.0 B
35 4 1.94 19.26 937 2.97 32.8 B
35 5 1.93 19.16 1006 3.13 32.8 B
UCS [MPa] Mean On-1 Cy (%]
Vr=23% 620 89.8 14.5
Vr=29% 761 85.0 11.2
Ve=35% 950 47.5 5.0
MOD [GPa] Mean On-1 CyvI%]
Ve=23% 21.3 1.45 6.8
Vr=29% 25.4 1.91 7.5
Vr=35% 31.8 1.04 3.3

Table T-23: Test results compressive strength of ICI ‘Plytron’ with different levels of
fibre volume fraction. ‘B’ in the column ‘Failure’ indicates bifurcation of
the strain signals



Tables 297

LIVCW Test rgethod: ICSTM/multidirectional
woven cross-ply CFRP | 28 B with 2 mm st gauges.
[(0°, 90°)3]s Test speed: 1.5 mm/min Bolt torque: 10/0 Nm
No t w A UucCsS MOD Notes
{mm)] [mm] [mm?] [MPa] [GPa]
1 293 | 997 | 29.21 707 64.8 -
2 2.93 1 10.01 | 29.33 644 56.8 -
3 291 | 995 | 28.95 721 57.6 -
4 2.93 | 10.01 | 29.33 629 - -
5 297 | 9.99 | 29.67 694 - -
6 | 294 | 992 | 29.16 | 584 58.4 | restart after loading to 143 and
then 200 MPa, bending
7 297 | 993 | 29.49 606 56.8 -
8 297 | 991 | 29.43 673 58.4 -
9 297 | 997 | 29.61 708 51.2 -
10 | 295 | 995 | 29.35 671 60.0 -
Statistics Mean On-1 Cyl%]
UCS [MPa] 663 46.2 7.0
MOD [GPa] 58.0 3.78 6.5

Table T-24: Test results compressive strength of woven cross-ply CFRP.

Test method: ICSTM
LIVCWAL Test pieces tabbed with Al-tabs at Liverpool University
woven cross-ply CFRP | Teg speed: 1.5 mm/min
[(0°,90°)3] Bolt torque: 10/0 Nm
Nol| ! w 4 | UCS | MOD Notes
[mm] [mm] [mm#4] {MPa] [GPa]
1 2.95 996 2038 (563) N/A Failure under tab at serration
in_Al-tab
2 3.01 9.94 2992 (488) N/A Failure under tab al serration
in Al-tab
3 292 994 290.0?2 (530) N/A Failure under tab at serration
i i i in_Al-tab
4 298 9.89 29 .47 (604) N/A Failure under tab at serration
) ) : in Al-tab
5 2.95 9.99 29.47 667 N/A central failure
Statistics Mean Op-1 CyI%]
UCS [MPa) (570) 68.8 12.1
MOD [GPa] N/A N/A N/A

Table T-25: Test results compressive strength of woven cross-ply CFRP; aluminium
end tabs, specimens manufactured at Liverpool University.
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Test method: ICSTM/multidirectional

X A%/91 14C Test pi.ece sandwi.ched between QFRP tabs, unbonded
o Test pieces #1-6 instrumented with 2 mm strain gauges
[(+457,-45°,0°,90°)3]s | Test speed: 1.5 mm/min
Bolt torque 10/0 Nm
No r w A UCS MOD Notes
[mm] | {mm} | [mm?] | [MPa] [GPa]
1 3.10 10.01 | 31.03 752 N/A -
2 3.10 10.01 | 31.03 797 48.6 -
3 3.07 9.92 | 30.45 842 47.7 -
4 2.98 9.97 | 29.71 832 50.5 -
5 2.98 9.97 | 29.71 828 48.7 -
6 2.97 9.98 | 29.64 805 50.4 -
7 3.02 10.00 | 30.20 762 N/A -
8 3.10 9.90 | 30.69 801 N/A -
9 3.06 10.00 | 30.60 710 N/A -
10 3.04 9.96 | 30.28 743 N/A -
Statistics Mean On-1 Cv [%]
UCS [Mpra] 787 43.6 5.5
MOD [GPa] 49.2 1.2 2.5

Table T-26: Compressive strength of quasi-isotropic XAS/914C; lay-up L1.

Test method:

TL . 1 Tension; 2 mm thickness; GRP tabs 50x10x2.6
XAS/914C '{::: 511;:?18 mStrusm;I;Sd miv;;lth 2 mm strain gauges
No | ! w A | UTS [UTSN| MOD Notes
mm] | [mm] | [mm?] | [MPa] | [%] | I[GPa]
1| 2.1 | 995 | 20891941 | 1.45 | 125.8 Test speed 2 mm/min
o | 202 | 9.83 | 19.86 | 1819 | 1.41 | 121.4 | Extensometer for comparison
3 | 2.02 | 1002 | 2024 | 1742 | 1.39 | 118.2 ]
4 | 205 | 994 | 20.38 | 1841 | 1.35 | 1229 -
5 | 2.03 | 10.05 | 2040 | 1819 | 1.42 | 1219 -
Staristics Mean On-1 Cy [%]
UTS [MPa] 1832 71.4 3.9
MOD [GPa] 122.0 2.7 2.3

Table T-27: Test results tensile strength of XAS/914C.
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NT Test method:  [CSTM/ standard test piece
Test speed: 1.5 mm/min
XASP914C Thickness measured as moulded
Bolt Torque No strain gauges applied
No t w A2 UCS |Bolttorque Notes
(mm] (mm] [mm*] [MPaj [Nm]
1 2.10 9.87 20.73 1632 10/10 -
2 1.94 9.90 19.21 1569 10/10 -
3 1.94 9.87 19.15 1400 10/10 -
4 2.05 9.85 20.19 1697 15/10 -
5 2.01 9.86 19.82 1702 15/10 -
6 1.91 9.84 18.79 1503 15/10 -
7 2.09 9.89 20.67 1059 20/10 -
8 2.10 9.90 | 20.79 1165 20/10 -
9 2.11 9.87 20.83 1154 (30)/10 Clamping blocks deform
plastically
Torque [Nm] UCS Mean [MPa] Op-1 [MPa] CyI[%]
10/10 1534 120.0 7.82
15/10 1634 113.5 6.94
20/10 1112 (75.0) (6.74)

Table T-28: Influence of clamping bolt torque on the measured compressive strength

of XAS/914C.
Test method: ICSTM
DC Test speed: 1.5 mm/min
Bolt torque 10/5 Nm
XASPO14C Specimens manufactured by Debby Carr, Birmingham University
t w A UCS
Notes
No [mm] fmm] (mm?] [MPa]

1 2.04 | 9.96 20.32 1342 -
2 1.96 | 9.56 18.74 1612 -

3 | (2.03) | 9.98 | 19.86 | 1543 | Tabsurfaces ground flat before
testing; tab tips debonded by

1.99* bending of the test piece
* resin pimples removed in

gauge section

Table T-29: Test results compressive strength of XAS/914C; specimens produced at
Birmingham University.
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Sample N UCS (Mean) On.-J Cy
[MPA] [MPA] (%]
GS 5 1584 143.1 9.0
G7 6 1577 125.4 8.0
G10 6 1617 138.8 8.6
G12 5 1536 88.8 5.8
G15 6 1491 55.9 3.7
G20 5 1188 34.4 2.9
G30 2 900 - -
G50 2 472 - -
T8 5 1326 61.1 4.6
T12 5 1584 80.4 5.1
W5 5 1611 90.9 5.6
SGG 5 1722 100.8 59
SGGF 4 1705 26.3 1.5
DEB 5 1761 82.7 4.7
PM1 5 1710 142.2 8.3
COA2 S 1648 38.0 2.3
PP3 6 1688 120.4 7.1
DELST 5 1806 87.0 4.8
DELPT 5 1704 335 2.0
LC 5 1653 40.4 2.4
PMID 4 1691 88.4 5.2
SC89 8 1622 96.6 6.0

Table T-30: Summary of parameter study compressive strength of XAS/914C using
the ICSTM method,; abbreviations see Section 9.3.
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COMPRESSION TEST METHODS FOR COMPOSITES
AND THEORIES PREDICTING THE COMPRESSIVE STRENGTH
OF UNIDIRECTIONAL CFRP

J.G. HAEBERLE
E.L. MATTHEWS
Department of Aeronautics
Imperial College, Prince Consort Road, London SW7 2BY

ABSTRACT

Following a literature survey, compression test methods for composites have been classified
and assessed. Our own experiments and microscopic examinations confirm some conclusions
of the literature survey. An overview of reported compressive failure modes of unidirectional
CFRP is given and mechanisms of failure initiation described. Some analytical models predict-
ing the compressive strength of unidirectional CFRP are presented.

INTRODUCTION

Many specific static and dynamic properties of modern composite materials are superior to
those of metals. Composites, however, are far from replacing metals because of some typical
shortcomings due to their orthotropic nature. One major factor limiting the application of com-
posites in primary structures is their low compressive strength after impact and at elevated tem-
peratures. An increase of the compressive strength of current composite systems without sa-
crificing other properties, as for instance impact strength, is therefore desirable. This necess-
arily involves a better understanding of the complex compressive failure mechanisms and of
their parameters. Although there has been research on the subject for more than twenty years,
a unique analytical model predicting the compressive strength from the properties of the consti-
tuents is still not available.

Generally, the compressive strength of a composite system is understood to be the com-
pressive strength of the unidirectional material, i.e. of a test piece made of unidirectional ma-
terial loaded parallel to the fibres. Most real structures are laminated multidirectionally, a one-
dimensional stress state is rather exceptional and constraints are quite different to those present
in the specimen test. It seems nevertheless reasonable to regard this strength value as a funda-
mental material property.

The inherent orthotropy of composites, i.e. stiffness and strength in the fibre direction are
very high and transverse to the fibres very low, makes testing of unidirectional composites
very difficult. As test methods originally designed for metals cannot in most cases be applied
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to composites, new methods had to be developed. This paper is thus divided into two
sections: firstly, the results of a literature survey on compression test methods, concentrating
on currently used techniques, will be presented; then, in the second section, compressive
failure modes reported for unidirectional CFRP and parameters of the compressive strength
are discussed, and some strength prediction models are described.

1. COMPRESSION TEST METHODS FOR COMPOSITES

Due to the nature of stability problems, compression testing requires a high level of precision
and great care in carrying out the experiments. The individual tester's experience with the spe-
cific jig is therefore important and might influence the test results to a considerable extent.
This 1s reflected by the great variety of published data for the compressive strength of compo-
sites [1, 2]. As a consequence, contradictory assessments of a test method by different authors
can confuse the reader. Before comparing test methods some fundamental aspects of compres-
sion testing deserve attention.

Generating a uniform one-dimensional stress state is the main objective of a compression
test fixture. The need to prevent overall buckling of the compressed specimen complicates the
situation. Nowadays coupon specimens, cut from panels with a typical thickness of about 2
mm, are used for testing rather than rods. Therefore, the gauge length of these relatively thin
specimens has to be short or they must be supported by an anti-buckling device. Short speci-
mens with a typical gauge length from 5 to 12.5 mm are preferred for testing unidirectional
material. Long gauge length, side-supported, specimens are used for testing multidirectional
laminates, so that angle ply fibres are not constrained by the grips.

Stress concentrations due to load introduction increase with the degree of orthotropy of
the material tested. Thus, stress concentrations present the most serious problems for unidirec-
tional lay-ups and may cause premature failure of the specimen (figure 4). This problem will
be discussed later. There are three basic methods of introducing a compressive load into the
specimen: direct loading of the specimep end; loading the specimen by shear; and mixed direct
and shear loading.

——-’% direct end loading

transverse load

~

—— —_—— | mixed shear/direct loading
— ——E— |

Figure 1. Different methods of load introduction into a compressive specimen
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Direct loading of the specimen end as specified for instance in ASTM D695 'Test
Methods for Rigid Plastics’ is not suitable for high strength composites. Because of the low
transverse strength and the low interlaminar strength of these materials the specimens fail by
end crushing, sometimes referred to as ‘brooming’, and/or longitudinal splitting.

Shear loading of the specimen end, which is usually tabbed in the same manner as for a
tension specimen, is the commonest method. Shape, material and precision of the end tabs are
likely to influence the failure mode and strength result. One of the first fixtures using this prin-
ciple is the Celanese fixture, developed at the Celanese Research Center and later adapted as
ASTM D3410 standard [3]. The specimen is held in conical wedge grips which are accommo-
dated in tapered sleeves. An outer cylinder maintains alignment of the parts. When the load is
applied to the sleeves, it will be transmitted to the specimen by shear through friction between
the specimen and the grips. This fixture needs careful adjustment to the specimen's thickness.
Otherwise, non-uniform load distribution on the cones will lead to distortion of the sleeves and
friction with the outer cylinder.

The German standard DIN 59273 and CRAG [4] specify slightly modified versions of
the Celanese fixture and specimens. A more fundamental modification of the Celanese fixture
was developed by the Illinois Institute of Technology Research Institute (IITRI). Here, ta-
pered grips, which fit into matching pockets in massive steel blocks, are used rather than coni-
cal ones, so that specimens of different thicknesses can be easily accommodated. The steel
blocks are aligned by pillar guides and linear ball bearings.

Celanese IITRI

Figure 2. The Celanese and IITRI compression fixtures, shown schematically

The Wyoming University modified Celanese fixture uses trapezoidal wedge grips similar
to the ITRI fixture, but with a conical surface of constant radius. Note that in the case of all
the above mentioned fixtures the specimen end is loaded transversely in order to generate the
shear load.

A typical representative fixture for mixed shear and end loading is the configuration
proposed by Purslow and Collings and modified by Port at the Royal Aircraft Establishment
(RAE) [5]. The specimen, which is waisted to force failure in the centre of the gauge length, is
bonded into slots in aluminium end blocks. The amount of shear loading depends on the
properties of the adhesive as well as on the thicknéss of the bond layer. Great care is needed in
specimen preparation.
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A modified ASTM D695 specimen (BOEING 1979) [2,5] is loaded in a similar way. The
end-tabbed and overall-supported specimen with a gauge length of 5 mm is purely end-loaded.
A certain amount of the load is introduced to the specimen by shear through the end tabs, de-
pending on the stiffness of the tabs and bond layer. An additional alignment device is recom-
mended. Although the specimen needs careful preparation the test jig is of remarkable sim-
plicity. Due to the transverse constraint of Poisson's deformation the specimen may experience
some transverse loading.

A variation of the RAE method is the fixture developed at Birmingham University [6].
Here, an RAE-type specimen with a waisted gauge section is clamped within steel cubes at the
end rather than being bonded. Thus, the specimen end is loaded directly and a portion of the
load is transmitted by shear depending on the clamping force. Mounting of the specimen is
very simple, but due to clamping there is a certain amount of transverse loading.

ASTM D695 RAE
(modified specimen)

Figure 3. Modified ASTM D695 and RAE fixtures, shown schematically

Waisting the specimen, which in fact is an optimized form of tabbing, has to be carried
out carefully in order to maintain a symmetric specimen, otherwise one would be likely to in-
troduce bending and cause premature failure. Port [5] showed that interfacial splitting due to
excessive shear stresses can be avoided when the specimen is waisted following the taper con-
tour equation, which gives the minimum gauge length:

Lo, = In(D/d) d SJS,, (1)

where 1. is the minimum gauge length, D the nominal specimen thickness, d the minimum
specimen thickness, S, is the compressive strength, S;; is the interlaminar shear strength.

Stress concentrations at the ends of the end tabs of unwaisted specimens initiate failure at
local stress levels which can be significantly higher than the measured overall stress level.
Therefore, strength results obtained with unwaisted specimens are to be regarded as a lower
bound for the compressive strength. It is, on the other hand, unclear how damaging of surface
fibres when the specimen's waist is machined infiuences compressive failure initiation.



306

Long gauge length specimens, i.e. multidirectional laminates, are either end-tabbed and
shear-loaded or, as for instance recommended in CRAG [4], end-loaded with end fittings to
prevent brooming.

Sandwich specimens are designed rather as sandwich beams than sandwich columns, and
are loaded in four-point bending. The top cover composite sheet is the specimen to be tested.
A metal honeycomb core and a bottom cover sheet with greater stiffness and strength ensure
that the specimen fails on the compressive side. In this way very thin specimens can be tested.
The high costs of this type of specimen led to the development of a reusable sandwich beam
[7]. Here, the core in the test section is made of plexiglas and a CFRP sheet used as tension
face. On the compression side the specimen, rather than being bonded, is clamped between
two aluminium end caps.

Figure 4. Compressive failure starting at the edge of end tab

Comparison of test methods

Now, some of the test methods mentioned will be assessed, starting from published compar-
ative studies . Lamothe and Nunes [8] investigated the influence of fixture design on the com-
pressive properties of glass-, Kevlar- and carbon/epoxy systems, as well as on FP
alumina/aluminum and FP alumina/magnesium composites. Both methods employed, the
IITRI and the Celanese, gave similar results for the tangent modulus. The IITRI method, how-
ever, was found to yield higher strength results and less scatter in data for the epoxy compo-
sites. The authors found both methods unsuitable for testing of metal matrix composites due to
premature adhesive shear failure. Following an extensive review on compression test methods
Berg and Adams [9] compared the IITRI, the Wyoming-modified Celanese method and a
Wyoming end-loaded specimen configuration. The materials used were CFRP and GFRP in
unidirectional and quasisotropic lay-up. The IITRI method again gave the highest strength re-
sults and lowest scatter of results for unidirectional composites, a fact attributed to the superior
rigidity and consequently better specimen alignment of the IITRI fixture compared to the
Wyoming rig. The end-loaded fixture using an unwaisted untabbed specimen surprisingly
gave similar strength results as the Wyoming fixture. Strength and modulus data for the quasi-
isotropic laminates were similar for all the three methods. Comparing data gained with strain
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gauges and extensometers it was concluded that both methods are equivalent, but strain gauges
are recommended. Extensometers, though easier to mount, are likely to be damaged at speci-
men failure. Adsit [1] stated, regarding results of a testing round robin including a sandwich
beam, that Celanese and IITRI methods give comparable results. The II'TRI method, however,
appeared to be easier to use and more flexible to varying specimen thickness. Reducing the
gauge length of the Celanese specimen down to a length of 6 mm leads to increasing com-
pressive strength results as shown by Lee [10]. Results achieved with specimens of different
gauge length should therefore be handled with care. This is confirmed by the investigations of
Woolstencroft et al. [2] on a CFRP system. They compared a range of test methods including
the standard Celanese method; a modified version using a waisted specimen with a gauge
length of only 4 mm; the RAE method; and the modified ASTM D695 method. They found
that the modified Celanese specimen yielded strength results some 50% higher than the stan-
dard version. A (linear) finite element analysis, however, revealed a poor distribution of longi-
tudinal stress and noticeable transverse stresses in the centre of the gauge length from which
they concluded that the specimen was not measuring a true compressive strength. According to
the finite element analysis the ASTM specimen had a reasonable stress distribution, second
only to the RAE specimen which offers the most uniform distribution with negligible trans-
verse stresses. A design value, calculated as the mean minus three times the standard deviation
of the strength results of the test, was used to assess the methods. The standard Celanese,
giving a low mean value and high scatter, as well as the ASTM D695, with a reasonable mean
but high scatter of results, were rejected as test methods. Because of the relatively high mean
of the RAE method combined with a remarkably low scatter of results, they finally recom-
mended that method as the most suitable to characterise compressive properties of CFRP.
Port, however, demonstrated that this specimen exhibited macro instability and therefore mea-
sured a buckling strength [5]. This could explain why the scatter of test results achieved with
the RAE method was so low. Port consequently proposed a new standard specimen with redu-
ced slenderness ratio. He also reports similar strength results for the new RAE specimen and
the modified Celanese specimen when the slenderness ratio of the latter is increased to the
same order as that of the RAE specimen. The fixture proposed by Barker [6] employs the new
RAE standard specimen with the attractive feature that the specimen is not bonded, but clam-
ped. Barker reports similar results gained with both methods and stresses the merits of an un-
tabbed unbonded specimen when testing under various environmental conditions. Our own
experiments, although at an early stage, showed that scatter of test results achieved with the
ASTM D695 modified specimen can be substantially reduced by a careful preparation of the
specimen surfaces [11]. The method offers the advantage of very low fixture-introduced bend-
ing, and easy handling. We also found that CRAG and IITRI specimens, cut to length, yielded
higher results when tested according to the modified ASTM D695 method than when tested in
the standard fixture.

The sandwich beam was found to give results consistent with those achieved with the
ITTRI method [1]. The properties of the core can influence the failure mode of the beam [12].
If the core takes a certain amount of the bending load, which is the case with the plexiglas core
of the reusable sandwich beam, the neutral axis of the beam must be known before the load on
the specimen can be determined. This is not simple, because the elastic behaviour of the cover
sheets is not linear, therefore the neutral axis is dependent on the strain state. It should also be
noted that transverse stresses are built up when the curved specimen is compressivly loaded.
These stresses are supposed to inhibit the compressive failure process to a certain amount.
That tendency can be observed in compression/tension fatigue tests of a reusable sandwich
specimen [13].

Almost all authors report that the modulus of elasticity seems only weakly dependent on
the test method. Care only has to be taken to exclude interaction of specimen and side support
or friction between sleeves and cones, as for instance in the Celanese rig.
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2. THEORIES PREDICTING THE COMPRESSIVE STRENGTH OF
UNIDIRECTIONAL CFRP

Any strength prediction for a given material is possible only when the failure mode of the ma-
terial is known. Unfortunately, observations of the failure process in unidirectional composites
are almost impossible because the event is sudden and catastrophic. Post-failure analysis of the
fracture surfaces is very difficult and may be misleading when the sudden release of stored
elastic energy of the specimen, the testing rig, and the testing machine destroys the evidence of
initial failure. That is why it is often difficult to distinguish between primary and secondary
failure modes.

Failure modes reported for CFRP specimens include: macrobuckling of the specimen [5];
crushing of the specimen end and longitudinal splitting [14]; interfacial failure [5, 14, 15]; mi-
crobuckling of fibres in several wavelengths [16] or in a kink band pattern [11, 16-19]; shear
failure of the specimen [20] and shear fracture of fibres at several locations [19].

Shear failure of the specimen, which is to be regarded as an upper limit for the compress-
ive strength of any material, was observed at room temperature by Ewins and Ham [20].
Moving to higher temperatures, they discovered that the failure mode changed to a microbuckl-
ing type. Port [5] states that such a transition is not encountered in currently used CFRP
systems and that failure is always of a microbuckling type, regardiess of temperature. This is
due to the fact that modern matrices are less brittle and stiff than the early systems so that the
fibres fail by buckling before their compressive strength is reached. Shear failure of single
fibres at several locations, causing gradual failure of the composite, was observed only for
high-modulus fibre bundles embedded in epoxy resin [19].

Microbuckling of fibres or fibre bundles, i.e.Jocal micro-instability, is accepted by most
authors as the principal failure mode of currently-used high strength carbon fibre-reinforced
plastics, although the mechanisms triggering failure are still unclear. In soft matrices fibres
were found to buckle over several wavelengths [16], but failure of a kinking type is usually
observed in CFRP. In stiffer matrices the brittle carbon fibres are likely to break immediately
after buckling at two locations due to additional bending stresses. Since the buckled fibre dis-
turbs the equilibrium of neighbouring fibres the kink band defined by rotated fibre segments
which may experience further breakage during the failure process will spread across the speci-
men as shown in figure 5.

The boundary planes of the kink bands are usually inclined at an angle of approximately
65 to 75 degrees to the fibre direction either in the thickness or width direction . The specimen,
therefore, exhibits fracture surfaces in these planes. Crossing kink bands and kink bands 're-
flected' at the edge of the specimen have been observed frequently. Longitudinal splitting is li-
kely to occur as a secondary effect when transverse tensile stresses are developed due to kine-
matic incompatibility in the matrix, or when a kink band meets a void. Whether the angle of
kink band inclination and the kink band width are of significance is still unclear.

Early investigators assumed buckling of initially straight fibres in a shear mode
(antisymmetric buckling). Models based on the classical buckling theory for bars on an elastic
foundation yielded results which overpredicted the compressive strength of composites by a
large margin. One of the first models was that of Rosen [21] where the compressive strength
is only dependent on the (initial) matrix shear modulus G,, and the fibre volume fractionV:

S. =G, /(1-V) )

More detailed investigations, for instance incorporating a three-dimensional continuum
rather than treating matrix and fibre as two-dimensional plates, brought similar results. Only
the introduction of nonlinear models including initial fibre deflection yielded somewhat more
realistic predictions, as shown later.
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Figure 5. Kink bands in a specimen failed under compression

Weaver and Williams tested CFRP with a fibre volume fraction of 36% under hydrostatic
pressure [14] and found increasing compressive strength with increasing pressure. They ob-
served specimen failure by end crushing and longitudinal splitting from the end as well as de-
bond failures in the specimen body at low pressures. At higher pressures the failure mode
changed to a kinking type. The bond failures can be attributed to transverse tension stresses
which are diminished by high pressure. High transverse tension stresses are generated when
fibres buckle in an extensional, i.e. symmetric, mode, which is assumed to be the lowest en-
ergy buckling mode in composites with low fibre volume fraction. For composites with high
volume fraction these results cannot be regarded as relevant. Transverse tension stresses in the
matrix, on the other hand, are also caused by the mismatch of Poisson's ratio of matrix and
fibre, matrix cooling shrinkage and moisture absorption. They may reach significant values as
pointed out by Woolstencroft [22] and cause matrix/fibre bond failure thus initiating fibre mi-
crobuckling.

Parry and Wronsky carried out compression tests with CFRP containing type 3 carbon
fibres under hydrostatic pressure [15]. They used specimens in dogbone shape with circular
cross section. Failure was by fibre kinking preceded by some longitudinal splits and interfacial
failure starting from the centre of the waist at low pressure. At higher pressures longitudinal
splitting was suppressed. Interfacial failure seems to be a specimen design problem (equation
1) as was longitudinal splitting from the specimen end in the case mentioned above. The
ultimate compressive stress was strongly dependent on pressure. They rejected therefore any
model based on shear stress controlled failure such as reported by Ewins and Ham, which
would be much less pressure dependent. Also, theories where the compressive strength is
based on the matrix shear modulus as proposed by Rosen were ruled out, because the initial
matrix shear modulus is only weakly dependent on pressure. The shear strength of the
composite, however, increases in a similar range as the compressive strength. They
considered therefore models based on the shear strength rather than the modulus as more
suitable to predict the ultimate compressive stress.
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A nonlinear model which assumes local shear instability triggering failure is described
analytically by several authors [16, 23, 24] as follows. The fibres may be deflected in the
stress-free state of the composite as depicted in Figure 6a and described by a sine function.

—— .
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(a) (b)
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Figure 6. Initial fibre deflection in the composite

Under a compressive load the fibre deflection will increase, causing mainly shear defor-
mation in the intermediate matrix (figure 6b). Regarding a fibre element one obtains for the
condition of equilibrium of outer and inner stresses [16]:

o, = Vyt(y) /(y+afy/l) (3),

where o, is the applied compressive stress, t(y) is the interlaminar shear stress due to the
shear strain y and fy/1 is the ratio of initial fibre deflection to wavelength (figure 6).

Note that other authors [23, 24] get the same resuit without the factor Vy, because they re-
gard the forces as acting on a fibre/matrix element rather than on a fibre element. The maxi-
mum of the right hand side of Eq.(3) gives the ultimate compressive stress, i.e. the com-
pressive strength. If the shear stress-strain curve t(y) for the composite is known explicitly,
the shear strain at which instability occurs can be calculated from the condition:

T(v*) - (y*+afe/l) T(v*) =0 4),
where t' = dv/dy and with Eq. (3) we get for the ultimate compressive stress:
Oy = VT (¥*) = Vi Gy(v*) (5).

The compressive strength is equal to the local tangent shear modulus of the composite at the
strain defined by Eq.(4) multiplied by the fibre volume fraction. If the explicit equation for the
stress strain curve is not known an incremental procedure as proposed by Wang [23[ has to be
applied.

Unfortunately, fy/1 is at best a statistical quantity and difficult to measure for a given com-
posite. Wang, therefore, proposed the following procedure to prove the validity of the strength
prediction model. Firstly, the shear-stress strain behaviour of the composite is determined
from stress-strain curves of a +45° laminate under tension. With these data a value for fy/1 is
selected so that the predicted result matches the experimental value in a particular test condi-
tion. fy/l is then regarded as a material property independent of test conditions. Applying the
theory with shear stress-strain curves from different test conditions, i.e. temperatures, Wang
found that predicted results agreed reasonably well with the experimental results.

If a linear elastic-perfectly plastic shear stress-strain behaviour of the composite with
shear yield stress S;; and shear yield strain v, is assumed, the compressive strength is given
by:
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Sc= Vi S vy +afo/l) = Vi Gy /(1+8) (6),
where B = (fy/1) /vy,

or
Se= S5 /('Yy+:f(f0/1) = Gy /(1+B) (7,

when a fibre/matrix element is regarded as a free body (see above) [24].

Hahn and Williams [16] calculated the factor  from representative results and took Gy, as the
initial modulus of the composite. Using equation 6 they then found in general a reasonable
agreement of predicted compressive strength and experimental data for different composite
systems. Only for a resin tensile modulus less than 3 GPa was the compressive strength over-
predicted.

Empirical equations predicting the compressive strength of CFRP from other mechanical
properties of the composite are presented by Sinclair and Chamis {25]. They propose that as
an upper bound the compressive strength of the composite can be calculated from the com-
pressive strength of the fibre, which is taken as 90% of the fibre tensile strength. The com-
pressive strength for the composite is then :

S.=09S, (8),

where S, is the tensile strength of the composite. As an estimate for the lower bound for the
compressive strength they suggest equations including the fiexural strength Sy or the interlami-
nar short beam strength S;; of the composite and the matrix tensile strength S :

Sc = Sﬁ /3 - Sﬂ/Stm) 9)

and
S. =108, + 2.5 S, (10).

Equations 9 and 10 were found to provide a reasonable estimate for a variety of composite
systems according to unpublished Lewis Research Center data [25].

Finally, the more general failure mode of macrobuckling will be discussed briefly. Macro-
buckling is understood as an overall instability of the specimen, describing a structural rather
than a material property. Therefore macrobuckling of the specimen should be avoided during
testing. The Euler buckling equations allow a rough estimate of the maximum specimen length
or specimen slenderness ratio, defined as the ratio of specimen length to radius of gyration of
the cross section. A correction of these equations for highly anisotropic materials, which in-
cludes shear deformation in the differential equation of the deflected beam, seems to be reason-
able for unidirectional composites. Shear deflections should be taken into consideration, espe-
cially when the specimen is relatively short [26, 27].

The critical Euler stress is given by:

Ocr = CJtZ]_:jSz (1 1)3
where E is the bending modulus of elasticity, which can be approximated by the longitudinal

modulus for unidirectional materials. The bending modulus of multidirectional laminates can
be very different for various stacking sequences, causing different buckling behaviour, where-
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as the longitudinal modulus is almost independent of the stacking sequence. The slenderness
ratio s can be written as 3.46 1/d for rectangular crossections, where 1 is the free buckling
length and d is the thickness. C is a constant dependent on the constraint conditions of the
specimen ends. Its value is 1.0 for a hinged/hinged condition; the greatest value is 4.0 for a
clamped/clamped condition.

The critical stress when shear deformation is included is given by [27]:

0, = og/(1+n0g /G) (12),

where o, is the critical Euler buckling stress, G is the shear modulus of the composite and n is
a dimensionless factor depending on the cross section. For a rectangular cross section n is 1.2.

Since the constraint conditions of the specimen usually are not known exactly, the appli-
cation of these equations is limited. Tests with material of well-known linear elastic behaviour
such as metals may allow somewhat realistic assumptions of these conditions. But even when
the constraint constants are known some questions remain. The modulus of elasticity is not a
constant, but decreases with increasing strain. Therefore buckling might occur earlier than ex-
pected from linear buckling theory [5]. And, due to debonding of the end tabs at increasing
load, the free specimen length may change during the test [28].

Macrobuckling failure of a specimen designed close to the critical length is difficult to de-
tect. That 1S because macrobuckling may be introduced by local microbuckling of fibres, con-
sequently disturbing the overall stability of the specimen. Although the specimen may fail in a
compressive manner it will appear as if it failed in macrobuckling. On the other hand, macro
instability causes additional stresses due to bending. These can initiate microbuckling failure
and the specimen will show evidence of a 'real' compressive failure although it failed due to
instability. Interfacial splitting again may occur as a post-buckling effect to add further compli-
cations.

CONCLUSIONS
Test methods

The literature survey on compression methods for composites showed that short gauge length
specimens are used for testing unidirectional material, and specimens with a long, supported,
gauge length are used for multidirectional laminates. Load introduction is either by shear or by
mixed shear/end loading. The published test data suggest that the influence of the individual
researcher and the individual rig might be bigger than the influence of the test method itself. In
other words, if the specification of each test method could be carefully fulfilled, the difference
in test results gained with different test methods would be less significant. However, test
results from specimens with different slenderness ratios are to be compared with caution.

Ease of use of the rig and the cost of rig and specimen manufacturing are important
criteria when choosing a test method. The IITRI fixture was found by most authors to be easy
to use and the specimen is relatively simple. Care has to be taken to ensure good alignment
when loading the specimen. Another advantage of this method is that it is widely used, as well
as Celanese-type fixtures which yield consistent results. Partially end-loaded specimens
require great care in machining, but they are likely to experience less stress concentrations due
to load introduction. The Birmingham method is interesting, because it uses an untabbed
specimen and because mounting of the specimen is very simple. Simplicity of the rig is the big
advantage of the ASTM D695 method with a modified specimen.

The modulus of elasticity was found to be independent of the test method. Strain gauges
are recommended for strain recording rather than extensometers.
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Strength prediction

Most authors accept micobuckling failure of a kinking type as the principal failure mode of
modern high-strength CFRP. But the mechanisms of failure initiation are still unclear. There-
fore a model predicting the compressive strength of unidirectional CFRP from fundamental
properties of the constituents of the composite is not yet available. Models assuming local
shear instability to be the mechanism triggering failure considering initially deflected fibres and
nonlinear matrix shear behaviour look promising. The shortcoming of these models is that the
fibre misalignment is very difficult to quantify a priori, thus making a verification of the model
difficult. In addition, the shear stress-strain behaviour of the composite is difficult to measure
and requires considerable experimental effort. However, even simplified models showed rea-
sonable agreement with the experimental data.
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STUDIES ON COMPRESSIVE FAILURE IN UNIDIRECTIONAL CFRP
USING AN IMPROVED TEST METHOD

J.G. HAEBERLE, F.LLMATTHEWS

Imperial College of Science, Technolagy and Medicine
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Prince Consort Road - London SW7 2BY - England

ABSTRACT

A new test method for compression testing of unidirectional composites is proposed. It
includes elements of established methods and, it is suggested, combines their ad-
vantages and avoids their shortcomings. A major postulate was to keep the rig and the
specimen as simple as possible whilst at the same time reducing specimen constraints.
Test results comparing different test methods are presented. The effect of some factors
of specimen preparation on the measured strength is summarised. A specimen design
which offers a more uniform stress distribution emerges from the observations made
during testing. The failure mode of macrobuckling is then examined considering the
nonlinear elastic behaviour of unidirectional CFRP.

INTRODUCTION

Following a literature review /1/ it was felt that an intensive study was necessary in
order to establish the most meaningful test method for compression testing of compo-
sites. In short, the conclusions of the survey were that the compressive strength of a
unidirectional CFRP system is difficult to determine, and to a large extent the experimen-
tal result is dependent on many factors such as method of load introduction, specimen
design and preparation, and fixture alignment, to name a few. A series of experiments
led to the development of the test method described below.

I - EXPERIMENTAL PROCEDURE
1.1 Test Method

The design of the rig is based on the fixture developed at Birmingham University
/2/, but an end loaded tabbed specimen with a gauge length of 10 mm is used, rather than
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a waisted untabbed RAE-type specimen as proposed by Barker and coworkers /2/. The
specimen 1s only slightly clamped in end blocks and loaded on its ends. This resembles
the loading configuration of the Boeing modified ASTM D695 method with the advant-
age that end failures of the test piece are avoided. By means of a high precision die set
frictional effects are minimised and axial loading of the test piece is guaranteed. Figure 1
shows the main features of the rig and the specimen. The other methods used for the
comparison are the CRAG (modified Celanese); IITRI; and the modified ASTM D695
method. A short description of these methods is found in /1/.

1.2 Materials and test piece preparation

The material used throughout the tests was Fibredux 914C/Courtaulds XA-S. The
cured panels were postcured in the recommended cycle and stored in vacuum. After grit-
blasting, end tab plates were bonded onto the CFRP panels using room temperature cur-
ing adhesive. From these plates the individual test pieces were cut on a diamond-tipped
saw. The tab surfaces were then ground fiat (see Figure 1) and the test pieces instrumen-
ted with strain gauges on either side of the gauge section. All tests were carried out at
room temperature.

1.3 Parameters examined

The parameters examined were: surface of the the gauge section by using different
peel plies in the autoclave; fibre misalignment: material cut 2° off axis from a unidirectio-
nal panel and material layed up £1°; thickness and length of the gauge section: 8, 12 and
16 plies and 5 to 20 mm respectively; and specimen width: 10 and 5 mm. Different end
tab materials were included as well, the standard being 0/90° glass fibre/epoxy.

I1- TEST RESULTS AND DISCUSSION
2.1 Comparison of different test methods

Results from a testing short course where different methods were compared are
summarised in Figure 2. The mean strength result achieved with the proposed method is
considerably higher than those obtained with CRAG and IITRI, a fact that can be attribu-
ted partly to lower stress concentrations introduced by the testing hardware, since the
specimens have similar dimensions. It can be shown that, for instance, transverse
forces as experienced by the test piece in the Celanése rig could cause additional curva-
ture of surface fibres near the tab edge, resulting in premature failure of the specimen;
see Figure 3. In practice the new (ICSTM) rig proved to be reliable and the easiest to
use.

2.2 Influence of parameters of test piece production

None of the parameters listed above influenced the measured apparent strength
significantly when identical slenderness ratios were compared. The only factor which
seemed to influence the result was the end tab/CEFRP interface as described below.

FE calculations predict high longitudinal stress peaks near the edge of the end tab. The
stiffer the tab the higher are these predicted stress peaks. Surprisingly, specimens where
the gauge section was machined out from thicker material showed comparatively high
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test results, although these tabs resembled the stiffest in the present investigation. What
seemed to be a contradiction of the FE analysis could be explained after a close examina-
tion of the specimens during the test. Figure 4 (a) shows a typical stress strain curve for
these specimens. The local divergence of the strain gauge signals on opposite sides of
the gauge section could be identified as the start of interlaminar shear failure starting at
the corner of end tab and gauge section, i.e. the start of delamination of the end tab.
Therefore stress concentrations were relieved in this critical area, allowing higher aver-
age failure stresses. This mechanism is thought to be a further reason for the higher re-
sults achieved with the ICSTM jig as the through-thickness pressure with the indirect
(i.e. when the load is introduced by shear) compression test methods reduces the tenden-
cy of the tab tips to debond. Somewhat erratic delaminations account for a part of the
scatter found in compression testing of composites.

2.3 Improved Specimen

It was found that, indeed, failure stresses up to 13% higher than these obtained with
the standard specimen could be achieved when the delamination of the tab edges was
controlled. This was realised by including a small strip of PTFE tape into the adhesive
layer or by just leaving out a strip of some 5 mm beside the gauge section when grit-
blasting the panels. Five specimens produced in that way gave a mean value of 1806
MPa with a coefficient of variation of 4.8 %; see Figure 2 (DELST).

2.4 Failure modes

The fracture surfaces of all the broken specimens looked similar macroscopically re-
gardless of the test method or the parameter of manufacture. In almost all cases failure
started near the end of the gauge section, adjacent to the tab edge. The fracture surfaces
usually were inclined at an angle of about 75° to the fibre axis either in thickess or in
width direction of the specimen. This indicated a fibre-kinking type of failure with a
sharply defined band of kinked fibres, as sometimes observed in arrested failures /3/.
The massive post-failure damage to the surfaces usually made it impossible to verify the
kink bands microscopicaily.

The higher stresses achieved with the improved specimen presented a new problem.
As can be seen from Figure 4 (d) even specimens of 10 mm gauge length now failed in a
macro buckling mode, i.e. overall specimen instability, as indicated by the diverging
signals of the opposing strain gauges. The Euler equations are known to overpredict the
buckling stress for short composite bars by a large margin. If, however, the local tan-
gent modulus of elasticity E(¢), which decreases considerably with strain as pointed out
in Figure 5, rather than the initial modulus is considered to be relevant, and the shear de-
formation is included in the differential equation of the buckled shape, the prediction of
the critical stress becomes much more realistic. The critical stress for macro instability of
the test piece can then be calculated using the following equation /4/:

o, = og, 1/(1+n oy, /G),

cr

where the Euler buckling stress is taken here as:
oy, = Ca’E(e*) /5%

n is a geometric factor subject to the cross section (n=1.2 for a rectangular cross
section), G is the initial shear modulus of the material, C is a factor to characterise the
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end conditions of the compressed bar (C=1 for hinged and C=4 for built-in ends), s is
the slenderness ratio of the bar and ¢* is the mean failure strain. The equation is solved
iteratively and plotted for several clamping conditions in Figure 6. It can be seen how
the shear deformation gains influence on the buckling stress for small slenderness ratios.
The test results for specimens of different gauge lengths are included in Figure 6. The
standard specimens with gauge lengths of 12.5 mm and more, which failed mainly in a
macro buckling mode, and the improved specimen with 10 mm gauge length seem to fit
the curve with a clamping constraint constant C of about 1.8 reasonably well. There is a
tendency towards smaller values of C with decreasing slenderness ratio of the test piece.
This might be explained by the higher stiffness of the shorter specimens compared to the
test rig. It should be mentioned that macrobuckling of the specimen, which is elastic ini-
tially, initiates compressive failure on a microlevel, but at unknown local stress levels.
Local compressive strains of elastically buckled specimens often exceeded 2%. The frac-
ture surface and its location, however, gives no evidence of the initial type of failure.

CONCLUSIONS

High strength results achieved with the method presented indicate that stress
concentrations which cause premature failure of coupon specimens are reduced
compared to conventional test methods. The more so when the test piece is prepared so
that the end tab edge can debond easily and symmetrically without sacrificing lateral
support, as it would if the edges were tapered. It is, however, evident from the results
that test coupons with standard dimensions might not be suitable to determine the
compressive strength of high strength CFRP systems. The decreasing modulus of
elasticity might lead to a buckling failure of the test piece even for smaller slenderness
ratios than those presented.
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