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Abstract

A novel test configuration has been developed to induce combined stress-states of in-plane
longitudinal tension and transverse compression in thin-ply, unidirectional (UD) composite
layers. Three different multi-directional laminates have been designed incorporating UD
catbon/epoxy plies embedded in angle-ply blocks of the same material. The scissoring
deformation of the angle-ply blocks induces transverse compression in the central UD layers
when the composite is strained in the 0° fibre direction. The amount of transverse
compressive stress was estimated from the measured surface strain of the laminates to be up to
about 140 MPa. Negligible effect was found on the tensile failure strain despite the very high
in-plane transverse compressive strains generated in the laminates. These were much higher

than those typically attained in multi-directional laminates, exceeding the strain at which
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compressive failure would occur in any 90° plies. The results of this study suggest that in
practice fibre direction tensile failure is unlikely to be significantly affected by transverse

compressive stresses.
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1. Introduction

The strength prediction of composite materials is hindered by various factors ranging
from multiple different failure mechanisms and their interactions with each other to the
challenges in defining failure as well as obtaining good experimental data and theories that can
reliably support the empirical measurements [1]. As the demand of key industries - such as
aerospace and civil engineering - with the largest consumption of composite materials [2,3] is
ever- increasing, it is crucial to determine the real behaviour of fibre reinforced polymers
(FRP) especially under multi-axial loading resembling realistic operation conditions.

Many failure criteria have been proposed and utilized to tackle the complex issue of
predicting the failure of composite materials. Up to now, the most commonly used criteria
include the simple stress and strain theories [4,5] as well as the interactive Tsai-Hill [6] and
Tsai-Wu [7] criteria. The world’s most extensive research program on failure namely “The
World-Wide Failure Exercise’ (WWFE) [8—11] in 2013 concluded that there is currently no
existing failure criterion that can be universally accepted to predict failure in such fibrous
materials. With regard to multi-axial and combined loading, it is hard to validate predictions
due to the lack of reliable experimental data [12,13]. A review of multiaxial and biaxial loading
tests for composite materials by Chen and Matthews [14] highlighted the issues in biaxial

testing mainly on tubular specimens, cruciform specimens and flat plate bending. Thom [15]



also compiled a comprehensive review on biaxial test methods highlighting their characteristic
problems. In a more recent study, Olsson [16] presented a survey on test methods to
determine the strength of composite laminates with regard to both in-plane and out-of-plane
loadings. The review covered the most commonly used methods for generating multi-axial in-
plane loads including tubular specimens [17,18], cruciform specimens [19,20], methods
incorporating off-axis [21,22], angle-ply laminates [23,24] and biaxial Arcan tests [25].

Even for unidirectional (UD) laminates, accurately determining their fundamental
mechanical properties such as failure strain or failure stress is still a scientific challenge [12].
The ultimate strength of UD carbon/epoxy laminates is often underestimated due to the
experimental strength measurements being affected by stress concentrations at the end-tab
regions of the coupons [26]. Usually, a significant knock-down in their measured strength can
be observed accompanied by premature failure of the specimens and notably lower strains. For
more complex cases such as testing under biaxial loading conditions, the difficulty in acquiring
acceptable data is magnified due to issues that include edge effects, gripping related problems,
quality of the materials and the consistency of coupon fabrication and testing [12].

A debatable part of the failure envelope for carbon composites is the tension —
compression quadrant, considering the effect of transverse compressive stresses on the
longitudinal (fibre) direction tensile strength. A two-dimensional, strain based maximum shear
stress failure criterion for laminates was proposed by Hart-Smith [27] who truncated the failure
envelope by a 45° cut off between longitudinal tensile strain and transverse compressive strain.
A study carried out by Wisnom [28] investigated the effect of transverse compressive stresses
on the tensile failure of glass/epoxy through four point bending tests on angle ply laminates
with 0° plies on the surface. It was shown that the fibre direction tensile strength was relatively
insensitive to transverse compression. It should be noted that in the study by Wisnom there

was a strain gradient due to the nature of bending tests which may have influenced the results.



Additionally, a controversy was also pointed out between Hart-Smith’s proposed criterion and
some of the supporting experimental results available in the literature. For instance Swanson et
al. [29,30] demonstrated empirical evidence that supports the conclusion of fibre tensile failure
not being sensitive to transverse normal and shear stresses. They carried out multiaxial
characterisation of different T800/3900-2 carbon composite laminates under combinations of
internal pressure, axial tension or compression and torsion. It was concluded that the
maximum fibre direction strain criterion is a simple and accurate option to utilize when
assessing ultimate failure. Sun and Quinn [31] carried out in-plane tests on off-axis laminates
that contained adhesive films between the plies. The maximum stress and strain criteria
reportedly gave a better fit than Tsai-Hill, even though the former was slightly unconservative,
as also concluded in [28].

To resolve this question, this study aims to find out the true effect of transverse
compressive stresses on the fibre failure strain of unidirectional (UD) carbon/epoxy
composites. A novel approach based on thin-ply laminates of unidirectional (UD) and angle-
plies is presented which overcomes the key problems of previous tests. The bi-axial stress state
in the 0° plies is indirectly applied in a tensile test set-up where the contraction of the angle-
plies induces compression in the central UD layer when the composite is strained in the
longitudinal direction. Compliant surface angle-ply blocks are used to eliminate stress
concentrations at the tabs, and dispersed thin plies to avoid transverse cracking and edge
delamination. The test method proposed here offers a reliable solution for acquiring accurate
experimental data on this particular biaxial loading scenario and has the benefits of

repeatability and ease of use.

2. Concept



The main objective of this study is to investigate the interaction between in-plane
transverse compression and longitudinal tension in carbon epoxy laminates through a thin-ply
tensile test-based method. There are numerous variables addressed throughout design
including (i) the issue of avoiding stress concentrations, (ii) the need for utilizing thin-plies to
avoid free-edge delamination as well as (iii) the issue of avoiding potential hybrid effects.
Discussion of these is given in the following paragraphs. A schematic of a typical specimen

configuration and the proposed concept is illustrated in Figure 1.
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Figure 1. Top and side view schematic of the thin-ply UD laminate embedded in thin-ply,
angle-ply blocks (for larger angles)

Czél et al [26] proposed an interlayer hybrid specimen type consisting of UD
carbon/epoxy in between protective glass/epoxy layers for eliminating the stress
concentrations near the end-tabs during tensile testing. Consistent gauge section failure of the
UD carbon layers was reported when determining the tensile failure strains. Further benefit is

that there was no need for optimising the gripping conditions as the stress concentrations at



the grips were eliminated. The glass layers in this case also protected the carbon plies from the
rough grip faces, so no additional end-tabs were necessary. In this study, the thin-ply angle-ply
carbon/epoxy blocks can play the role of the glass/epoxy protective layers in eliminating the
stress concentrations, since they can withstand high strains due to scissoring. On the other
hand, the measured values were significantly higher than those obtained from conventional
non-hybrid catbon/epoxy specimens. It was previously shown by Wisnom e# a/. [33] that thin
UD plies surrounded by higher elongation layers show an increase in their failure strain due to
the constraint on forming a critical cluster of fibre breaks, commonly referred to as the hybrid
effect. With regard to the test procedure and specimen design, this hybrid effect is unwanted
and therefore we aimed at avoiding it by design. Wisnom e a/. [33] presented that single (0.03
mm) and double thin plies (0.06 mm) of TR30 carbon/epoxy placed between S-glass/epoxy
exhibited significantly higher failure strains than those of the configurations with three (0.09
mm) and four layers (0.12 mm). This means that the observed hybrid effect fades away above a
carbon/epoxy layer thickness limit (which was around 0.09 mm for the tested material). Based
on the previous study, four thin plies of similar thin carbon/epoxy wete utilized in the
investigated hybrid laminates to avoid the hybrid effect.

Thin-ply composite materials were utilised mainly to ensure that the designed laminates
will fail in the desired manner, and damage mechanisms such as free-edge delamination (a
predominant failure mechanism for angle-ply laminates) and (transverse) matrix cracking do
not precede nor influence the desired overall longitudinal fibre failure mode in the central UD
plies. Thin-ply materials have previously shown to be able to delay and suppress the above
mentioned damage mechanisms (transverse microcracking [34] and free-edge delamination
[35,36]) in different loadings - static, fatigue and impact as reviewed by Cugnoni ez a/. [37].
Extensive reviews of thin-ply polymer composites including their manufacture, microstructure,

mechanical performance, and the implications for structural design and application prospects



were presented by Galos [38] and Arteiro ez a/. [39]. It was also reported that the advantages of
using thin-plies, achieving a higher onset of damage such as microcracking or delamination in
the composites, come with a change in the failure mode of the laminates: shifting from a more
complex, multi-mode failure with significant delamination to a quasi-brittle failure governed by
fibre fracture in the 0° plies. These materials represent a new generation of advanced
composites that provide a promising approach to exploit the true potential for carbon fibre
composite structures especially by delaying the onset of damage up until a fibre dominated

failure is achieved.

3. Experimental

3.1. Materials

The materials considered in this study were a thin-ply TC33 carbon fibre produced by
Formosa Plastics and a standard ply thickness S-Glass material supplied by Owens Corning.
The incorporating resin systems for both materials were 125 °C cure epoxies. The matrix for
the carbon was a K51 resin system supplied by Skyflex and for the glass fibre a 913 resin
system supplied by Hexcel. The resin systems were compatible with each other.

Basic properties of the applied fibre and prepreg systems are presented in Table 1 and

Table 2 respectively.

Table 1. Fibre properties of the applied unidirectional prepregs based on manufacturers data

Fibre type Elastic  Density  Strain to Tensile
modulus  [g/cm’] failure strength
[GPa] [%0] |GPa]
Tairyfil TC33 carbon 230 1.8 1.5 3.45
FliteStrand S ZT S- 88 2.45 5.5 48-5.1
Glass [20]




Table 2. Cured ply properties of the applied unidirectional prepregs

Prepreg type Areal  Cured ply  Fibre Initial Tensile CTE CTE
density  thickness volume  elastic  strain to oy op
[g/m] [wm] fracion modulus  failure [1/K] [1/K]

[%0] [GPa] [%0]

TC33/K51 21" 30° 39° 95.3" 1.61° -1-10°° 4-10°°

carbon/epoxy

S-Glass/913 190 155 51° 45.7° 398 2-10°  3-10°°

glass/ epoxy

‘Based on measurements
"Based on [26]
‘Estimated based on reported values for T300/5208 in [40] for the carbon and [26] for the glass

3.2. Configuration design

To be able to determine the interaction between transverse compression and longitudinal
tension in the most accurate way possible, it is important to minimise other stress components
present in the UD laminate.

To eliminate shear, the multi-axial stress state is indirectly applied to the UD layers: the
central thin-ply UD carbon/epoxy layer is embedded in thin-ply angle-ply blocks of
carbon/epoxy, where the scissoring deformation of the angle plies induces the transverse
compressive loading on the central UD layers as shown in Figure 1.

Furthermore, the laminate as a whole is designed to be balanced and symmetric. This way
the in-plane shear coupling terms (A, A,,) and the extension- bending coupling (B matrix) are
zero in the ABD matrices of the laminates.

The configurations were also designed in order to induce various levels of transverse
compression in the central UD layers: by varying the angle of the embedding plies, different
amounts of transverse stress are generated when the composite specimens are strained in the
longitudinal direction. The key influencing parameters for the amount of transverse

compression generated are the angle and the relative thickness of the angle-ply blocks. The

transverse compression arises from the Poisson’s ratio mismatch between the angle-ply blocks



and the UD laminate. By maximizing this mismatch and choosing an optimum angle, the
transverse compression can be maximized in the central UD layers. Furthermore, increasing
the number of angle-ply pairs in the blocks increases the magnitude of the transverse stresses
put on the central UD layers.

The selection of the stacking sequences was carried out in MATLAB software using
Classical Laminate Theory (CLT) assuming a plane stress state for the composite laminates
[41]. An illustration of varying amounts of transverse to longitudinal stress ratios arising in the
central UD layers as a function of the angle of the angle-ply blocks is shown in Figure 2. The
applied strain for the generated curves was 1.61 % (measured failure strain of the carbon in
Table 2) and the analysis was initially carried out using estimated linear material properties as
shown in Table 2.

The absolute thickness of the central UD layers plays an important role in ensuring that
any hybrid effects are avoided. A minimum thickness for the carbon of 0.12 mm was therefore
chosen, equivalent to four plies of the utilized thin-ply high-strength carbon/epoxy material.

Alternatively, one single thicker ply could be utilized in this concept, although thin angle

plies would still be needed to avoid premature damage there.
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Figure 2. Transverse compressive stress to longitudinal stress ratios as a function of the angle
of the embedding angle-ply blocks: the chosen angles are marked with red dashed lines on the
curve. The exact lay-up sequences for the chosen angles were [£15./0,], [£20,/0,]
[£28,/0,], respectively.
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Overall, four different configurations were designed including the specimens that were
used to determine the accurate baseline failure strain of the utilised catbon fibre/epoxy
material. A summary of all the configurations is shown in Table 3, where SG denotes the S-

Glass layers in the laminates.

Table 3. Specimen configurations

Configuration No. of Measured
specimens overall

tested thickness
[ [mm]
[SG,/0,],-UD hybrid baseline 8 0.768
[SG,/%15,/0,); 7 1.494
[£20,/0,], 7 0.798
[£28,/0,], 6 0.806
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All coupons tested in the experimental campaign were parallel edge tensile specimens as
illustrated in Figure 1 with the nominal dimensions of 270/190/20 mm overall length/gauge
length/width respectively.

For the configuration with the shallower angle (15°) embedding the central UD block, the
surface plies do not provide sufficient ‘protection’ against stress concentrations at the grips due
to their relatively high stiffness. Hence, the design presented in Figure 1 has incorporated
additional layers of glass/epoxy in a similar manner to that described in [26] but without the
inclusion of end-tabs. This way, it was ensured that stress concentrations at the grips were
eliminated so that consistent gauge section failures were expected. The baseline configuration
was similarly constructed, based on [20].

For the specimens with increased angle of the angle-ply blocks (20°and 28° configuration),
the additional glass layers were omitted and carbon only specimens were fabricated with end-

tabs as shown in Figure 1.

3.3. Specimen fabrication

All laminates were manufactured by a conventional prepreg curing process. After
hand-lay-up of the specific plies, a vacuum bag was utilised on a flat aluminium tool plate.
There were additional silicone sheets placed on top of the laminates in order to ensure a
smooth top surface and an even distribution of the autoclave pressure on the laminates.

The composite plates with only carbon layers were cured at the recommended
temperature and pressure cycles provided by the manufacturer: 30 mins at 80°C and 90 mins at
125°C with 0.7 MPa applied pressure and a heating rate of 2°C/min. For the hybrid
configurations (carbon/glass), - since both resin systems were similar -, only the ramp-up, cool

down rate and any dwells occurring was adjusted by using the longer of the recommended
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cycles from the different prepreg manufacturers: 60 mins at 80°C and 100 mins at 125°C with
0.7 MPa applied pressure and a heating rate of 2°C/min.

After curing, the composite plates were cut into the desired geometry by a Computer
Numerical Controlled (CNC) diamond wheel. Untapered, 1.7 mm thick composites made of
glass fibre fabric/epoxy was used as end-tabs for two of the configurations. The end-tabs were
bonded to the specimens using an Araldite 2014/1 epoxy adhesive system. The samples with

end tabs were then put into an atmospheric oven to cute the adhesive for 120 min at 80°C.

3.4. Testing method

Mechanical testing of the specimens was carried out on an Instron 8801, computer
controlled, universal servo-hydraulic test machine equipped with Instron 2743-401 type
hydraulic wedge grips and a 100 kN load cell. The grips had 50 mm wide Instron 2704-521
type serrated steel jaw faces. The uniaxial tensile loading was introduced under displacement
control at a crosshead speed of 2 mm/min as per the ASTM D3039 standard. Clamping
pressure was kept as low as possible to minimise end tab failures yet avoiding any slippage at
the grips. Longitudinal and transverse strains were measured over the maximum possible gauge
lengths of 180 mm and 15 mm respectively using an Imetrum video extensometer system,
with the test machine outputting the corresponding force signals. The high-definition

extensometer videos recorded during the tests were kept for further analysis.

4. Results and discussion

4.1. Baseline configuration
When the hybrid baseline specimens were loaded, the fracture of the carbon layer

resulted in delamination between the carbon and the embedding glass layers along the gauge
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length of the specimens. A typical response of such hybrid specimens is presented in Figure 3
reproduced from [26]. Since the objective was to extract the failure strain of the UD material,
the coupons were not loaded extensively beyond the first significant load drop that
corresponds to the 0° carbon layer failure (point 1 on Figure 3). However, if loaded further
after the first load drop (point 2 on Figure 3), residual load bearing behaviour due to the high

elongation glass layers would be observed.

Carbon layer failure @

composite

Glass/carbon hybrid @ @/ /

Stress

Delaminated layers

Strain

Figure 3. Stress-strain response of UD glass/carbon hybrid specimens reproduced from [26]

Figure 4 (a) shows the stress strain curves of the tested hybrid glass/carbon baseline
configuration up to the first load drop. The fracture of the carbon layer in the centre of the
light (orange) coloured delaminated area can be seen in Figure 4 (b).

It should be noted that the results are affected by small residual thermal strains that
originate from the mismatch in the Coefficient of Thermal Expansion (CTE) of the different
plies. Residual thermal strains were calculated from force-equilibrium between the
catbon/epoxy and glass/epoxy layers assuming constant strain through the thickness and a
100°C temperature drop from the cure temperature to room temperature. The CTE values
used for the different prepregs can be found in Table 2. For the longitudinal direction, the

properties of a similar grade carbon fibre with the same matrix [40], and the same glass/epoxy
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[260] were utilised and for the transverse direction, estimates from the literature for similar
materials were utilized.

The results of the baseline tests including the correction with the calculated residual
thermal strains are summarised in Table 4. This table also includes the test results of a non-
hybrid baseline: 16 layers of the same TC33/K51 carbon/epoxy material. The moderate
increase (10%) in the failure strain of the hybrid specimens can be attributed to the elimination

of stress concentrations and the associated premature failure.
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Figure 4. (a) Mechanical test results of the hybrid glass/catbon baseline configuration with (b)
illustration of the behaviour of typical tested coupons: the carbon layer fracture was followed
by sudden delamination from the embedding glass layers. The specimens did not incorporate
end-tabs and all had gauge section failures

Table 4. Baseline tensile test results for the TC33/K51 material in a non-hybrid and hybrid
configuration and thermal residual strain correction

Configuration No. of Measured carbon Corrected
specimens  layer failure strain  carbon layer
tested [%0] (C.0.V.[%]) failure strain
[ %]
[0,¢]- non-hybrid UD baseline 9 1.50 (4.8%) -
[SG,/0,], - hybrid UD baseline 8 1.65 (3.0%) 1.62

4.2. Angle-ply/UD configurations
Figure 5 (a) — (f) illustrates the typical stress-strain responses of the different angle-

ply/UD laminates. All stresses presented are remote stresses. It can be seen in Figure 5 (a) —
(b) that for the shallower angled [SG,/+15,/0,] configuration, both the longitudinal and
transverse strain responses are approximately linear up to failure. The observed small stiffening
in the 15° case is most probably due to the intrinsic non-linearity of the central UD
carbon/epoxy block. In the larger angle cases the softening due to scissoring and matrix
plasticity of the angle-ply blocks are more significant. For the larger angle configurations -
[£20,/0,],and [£28,/0,], respectively — a small, gradual stiffness degradation in the response of
the laminates can be observed. The responses become more non-linear, especially in the
transverse direction. The non-linearity observed is mainly associated with the angle-ply blocks
surrounding the unidirectional material: there is no in-plane shear arising at the laminate level,
however there is substantial in-plane shear expected at the lamina level in the angle-ply blocks.
Besides, the indirectly applied transverse compression also plays a role in the non-linear

character of the transverse strain curves.

15



In the experimental campaign, primarily surface strains are considered because they can
be directly acquired by the video extensometer. Both longitudinal and transverse strains are
directly measured on the surface of the specimens. Since it can be assumed that they are
constant through the thickness of the laminate, they can be used as the strains in the central
UD layers. A summary of the measured strains (Exy, €yy) and the macroscopic laminate
stresses at failure (0y,) including the baseline measurements are shown in Table 5. All values
are averages for each set of the tested specimens with the variability included in the table and
they represent the strain at failure corresponding to the first significant load drop of the

specimens.
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Figure 5. Typical stress — strain responses of the different angle-ply/UD configurations: (a) —
() - [SG,/£15,/0,),, (c) — (d) - [£20,/0,),, and (e) — (f) - [£28,/0,], respectively. The graphs

represent the different measured strains in both longitudinal and transverse directions. All

stresses presented are remote stresses.
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Table 5. Summary table of the measured strains and the average applied remote stresses at the
fracture of the UD carbon/epoxy
Configuration Exx [Y0] Eyy [70] Oyxx [MPa]
(CoV.[%])  (CoV.[%]) (CoV.[%])

1[38261/18‘3 1.65(3.0)  -0.50 (5.0) 900 (3.7)
SG,/+15,/0,].  1.60(.1)  -1.04 (64) 1092 (4.4)
[+20,/0,]. 1.62(3.2)  -2.84(7.7) 1053 (3.5)
[+28,/0,)], 1.62(1.9)  -2.91 (4.5 625 (2.7)

As can be seen, there were very high in-plane transverse compressive strains in the
central UD block of the larger angle angle-ply configurations: 2.84 % and 2.91 % for the 20°
and 28° angles respectively with a transverse to longitudinal strain ratio of 1.46 and 1.49. The
transverse strains are more similar than expected from the initial calculations shown in Fig. 2
due to the effect of material non-linearity. The measured data is illustrated in Figure 6 showing
the overall longitudinal failure strains as a function of the overall transverse strains for the
different configurations including the baseline tests. The thermal residual strains have only a
small effect on the overall measured strains hence they are not included in Figure 6 below, but
they are accounted for in terms of stresses calculated in Section 4.2.2.

When compared with the measured baseline failure strain (1.65%), the trend suggests
that high in-plane transverse compressive strains do not significantly influence the longitudinal
failure strain of the UD carbon/epoxy material. For instance, in a typical quasi-isotropic (QI)
laminate, the 90° ply would fail in fibre compression before the laminate reaches -1.5 %

transverse compressive strain.
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Figure 6. The longitudinal strain to failure of the UD carbon/epoxy as a function of the overall
measured transverse strains for all configurations including the baseline tests (not corrected for
thermal residual strains)

4.2.1. Determination of transverse stresses

Since transverse stresses cannot be measured directly, they have to be calculated from
the measured strains. The fibres in the central 0° UD block experience transverse strain that is
not only due to the effect of the surrounding angle-plies but also from the Poisson’s
contraction of the UD material. In other words, even if the central UD block did not
experience any compression from the neighbouring ply blocks, it would still have transverse
strain in the material.

Consequently, to determine the transverse compressive stresses, the measured strains
are converted into stresses using the orthotropic stress-strain equations with linear
assumptions as shown in Equation 1 and 2. The utilized material properties for the TC33/K51

carbon/epoxy lamina are based on empirical measurements and can be found in Table 6.
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Table 6. Measured basic matetial propetties of the TC33/K51 lamina

Ey E, Vi2 Vo * Gy
GPa [GPa] [ [l [GPa
TC33/K51 95.3 6.1 0.301 0.019 2.47
carbon/epoxy
“Calculated from v,
Eqq VipEo
o= —————en+ ——=—¢,, (1)
B T —vug T T —vypvgy
Vi2Eo Eq;
O = &+ ——¢&, (2)

X
1—-vivy 1—vivy

where Eq; and E5;, represent the longitudinal and transverse direction moduli, &xy and &y, the

measured longitudinal and transverse surface strain and V4, and v, the major and minor

Poisson’s ratios respectively. Equation (2) represents the mechanical transverse compressive

stresses generated in the central UD layers (0'202).

A summary of the measured strains and the calculated mechanical stresses using linear

assumptions (ap; and g3y) are presented in Table 7. The ratios of transverse to fibre direction

stresses are slightly different from those shown in Fig. 2 because the latter were based on

estimated material properties.

Table 7. Summary table of the measured strains and the calculated mechanical stresses using

linear assumptions

Configuration Exx [%0] gyy [%0] oty [MPa] o3, [MPa]
(C.oV. [%]) (C.0.V. [%])
Baseline
1.65 (3.0 -0.50 (5.0 1572 -0.5
SG./0,), G0 G0
[SG,/%15,/0,], 1.60 (5.1)  -1.04 (6.5) 1516 33
[£20,/0,], 1.62 (3.2)  -2.84 (7.7) 1502 -145
[+28,/0,]. 1.62 (1.9) 291 (4.5) 1504 -149
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4.2.2. Thermal residual stresses

The calculated stresses of the central UD block need to be corrected for thermal
residual stresses arising in the laminate as a result of the mismatch in CTE between the angle-
ply and UD blocks. These calculations are based on CLT assuming linear elastic response. The
corrections are presented in Table 8.

The elastic strain [£, ] of the multi-directional laminate is associated with the residual
stresses that are caused by the constraint from other plies. In the case of the central UD
[Stotal]

carbon layers it is determined as the difference between the total strain of the laminate

and the free thermal strain of the central carbon layers [&; (] as follows:

[Sel,c] = [gtotal] - [Et,c] (3)

Once the elastic strains of the central block are determined, the residual stresses can be

calculated using Classical Laminate Theory (CLT) in the following way:

[Ures] = [Q*] [Sel,c] 4)

where O represents the reduced stiffness matrix of the UD carbon block.

The calculated residual thermal stresses for the central UD carbon block (o,,,) and the

estimated longitudinal (a7)) and transverse stresses (05) including thermal corrections for
each configuration can be found in Table 8. The free thermal strains were estimated to be
0.010 % for the longitudinal direction and -0.40 % for the transverse direction in the central

UD carbon layers respectively based on the CTE values given in Table 2.
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All the corrected stresses presented are based on the measured strain to failure values
found in Table 5. The arising thermal residual stresses presented are not significant in

magnitude.

Table 8. Summary of the thermal residual stress corrections in the central UD layers

Configuration Longitudinal Transverse 0 Corrected 0 Corrected
011 [MPa] 0* 072 [MPa] 0*
Ores Ores 011 By
[MPa] [MPa] (C.o.V. [%]) [MPa] (C.o.V. [%]) [MPa]
Baseline [SG,/0,), -19.0 5 1572 (0.0) 1553 -0.5 (3.2) 4.5
[SG,/+15,/0,), 4.6 4.2 1516 (5.6) 1521 -33 (7.3) -29.3
[£20,/0,)], 32.2 3.5 1502 (3.2) 1534 -145 (9.2) -141.1
[£28,/0,]. 48.9 8.3 1504 (1.8) 1553 -149 (5.2) -140.4

4.2.3. Summary

Figure 7 illustrates the estimated fibre direction failure stresses as a function of the
estimated transverse stresses at failure in the central UD block, taking account of the Poisson
contraction and thermal residual stresses in the laminates.

0°UD
[£28,/0,], [+205/0,], [SG,/+15,/0,). baseline

[SG,/0,],
\ - 1800
B 1600
....... g (a)

1400

- 1200
1000
800
- 600
400

- 200

T \ T \ T \ T \ 0
-155 -135 -115 -95 -75 -55 -35 -15 5

Estimated longitudinal stresses a,,°* [MPa]

Estimated transverse stresses ¢,,%" [MPa]

Figure 7. The estimated transverse stresses as a function of the longitudinal stresses at failure
in the central UD carbon block, including corrections for the Poisson contraction and the
thermal residual stresses
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This linear approach to estimate the transverse stresses in the central UD block is a

simple method based on the directly measured strains. It shows a very similar trend to what is

found in Figure 6: transverse stress does not affect the fibre failure stress significantly.

However, when investigating the transverse compressive response of the utilized

TC33/K51 material, a highly non-linear behaviour can be obsetved as shown in Figure 8.
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Figure 8. Transverse compressive stress-strain curve adapted from [42]

The material response was taken from the characterisation tests of Fuller [42] which

were acquired on a similar material using the same resin system (K51 by Skyflex) and a similar

fibre from a different manufacturer (T'R30 by Mitsubishi Rayon). The TR30/K51 prepreg

exhibited a similarly low fibre volume fraction of 42.5% compared to 39.1% for the

TC33/K51, and the initial transverse modulus of the material was 6 GPa, very similar to the

0.1 GPa measured for the thin-ply prepreg utilized in this study.

The measured transverse strains €y, (see Table 7) do not go far beyond the initial

linear region of the material response in Figure 8 (which is to the left of the red vertical dashed

line), and significant non-linear behaviour is only demonstrated at much higher strains. When
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correcting for the Poisson ratio contractions, the mechanical strains responsible for stresses in
the 20° and 28° cases are 2.36% and 2.42% respectively with an average value of 2.39% as
marked on Figure 8 (with the vertical red dashed line). The corresponding stress estimated at
this average strain is a maximum transverse stress of 155 MPa (red horizontal dashed line)
ignoring the effect of the fibre direction stress. This is about 20% higher than the value from
the intercept point on the non-linear curve in Figure 8, and so should not greatly affect the
previously presented results. The conclusion can be drawn that in-plane transverse
compression does not affect the fibre failure strain even if the non-linear behaviour is

considered.

4.2.4. Failure analysis

Typical failed specimens of each configuration and their respective failure mechanisms
are illustrated in Figure 9. The coupons with the shallower angle lay-up [SG,/+15,/0,] failed in
the gauge section with fibre failure similar to that of the baseline specimens as described in
Section 4.1. Immediately following fibre fracture in the central UD layers, the laminate as a
whole delaminated from the shielding glass layers hence changing the colour visible to the
naked eye of the observer — the orange colour on Figure 9 (a). A typical failure pattern of this

configuration can be also seen in Figure 9 (a).
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(a) [SG,/+15¢/0,],
/ I 0° fracture location |

| Failure pattern when delaminating from S-Glass |

(b) [+204/0,],
l Sudden fibre failure-l
(c) [£28,/0,].

Central 0° layer fracture
Embedding angle-plies

Delaminated plies

Figure 9. Illustration of the three configurations and their failure mechanisms: (a)
[SG,/%15,/0,] hybrid configuration with 0° fibre fracture followed by delamination from the
glass layers (b) [£20,/0,], non-hybrid configuration with catastrophic 0° fibre failure and (c)

[£28,/0,], configuration with 0° fibre fracture followed by instant delamination from the angle
plies
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In contrast, the other two lay-ups of [+20,/0,], and [£28,/0,], were tested in a non-

hybrid configuration, with end tabs. The [£20,/0,], type coupons exhibited a sudden fibre
failure in the gauge section as it is shown in Figure 9 (b). This particular specimen also exhibits
a secondary tab failure initiating from the end of the gauge section, but this did not cause the
overall failure. The corresponding stress-strain curve in the mechanical test results (Figure 5
(0)) also exhibits a mostly linear behaviour up to failure. Both the 20- and 28-degree
configurations exhibited similar strains to failure (1.62 % from Table 6) that correspond to the
fibre fracture of the central 0° plies. An illustration of a failed 28 degree coupon is shown in
Figure 9 (c). The central UD block that had delaminated from the surrounding angle-ply
blocks was carefully pulled out in order to observe the fracture surface. The post-mortem
examination of the specimens showed that the delamination initiated at the interface between

the angle-ply and UD ply blocks at the location where the first fracture of the 0° layers

occurred [41].

5. Conclusion

A novel design of composite tensile specimen was presented incorporating thin-ply,
angle-ply/UD composites, where a multi-axial stress state of longitudinal tension and
transverse compression is induced in the central 0° layers by the scissoring deformation of the
embedding angle-ply blocks of the same material. The presented novel testing method is
capable of generating reliable experimental data for a bi-axial stress state of longitudinal
tension and transverse compression.

Three configurations were manufactured with variable amounts of transverse stresses
generated in the central 0° layers. The 20° and 28° configurations exhibited an estimated
maximum in-plane transverse compressive stress of about 140 MPa using linear calculations,

although non-linearity would slightly reduce this value. When compared to the measured
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baseline failure strain of the material, the significant transverse compressive strains applied —
2.84 % and 2.91 % for the 20° and 28° angle configurations respectively - did not significantly
affect the overall strain to failure of the 0° plies.

Furthermore, the achieved in-plane compressive transverse strains are much higher
than could be attained in a typical multi-directional laminate, exceeding the expected 90° fibre
direction strain to failure. This suggests that in practice fibre direction tensile failure is not
likely to be significantly affected by transverse compressive stresses. This result goes against
interactive failure theories such as Tsai-Hill and Tsai-Wu which consider the interaction of
longitudinal fibre tension and transverse compression to be important, but is consistent with

the widely used maximum stress and strain criteria.
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