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Summary. Failure of a ply due to transverse loading is one of the mechanisms accounted for
in physically-based failure criteria, used in composites design. Experimental data, however,
is scarce and the measurement techniques used in the past are time consuming and involve lot
of specimen handling during testing. Some physical information is currently well consolidated
(such as the dependence of the strength on ply thickness, or in-situ strength) but relevant open
questions remain. This work presents a methodology, which does not interfere with the tensile
test, to detect transverse cracks by optical means. Four different configurations of CFRP are
considered. The results show that there is a dependence of the in-situ strength on the ply thick-
ness and the orientation of the adjacent layers. In the case of thick transverse plies, the strength
is controlled by transverse cracks whereas, in thin plies, longitudinal ply splitting occurs before
transverse matrix cracking.

1. Introduction

The popularity of laminated composites in the aerospace and aircraft industries raises the need
to have reliable and accurate simulation techniques. The accuracy of the simulations depends
on the correct definition of material properties. One of the terms that determines the onset of
damage in the progressive failure analysis of laminated composites is the in-situ strength [[1-4]],
which can be defined as the strength of the ply taking into account its thickness, position in the
whole laminate and the stiffness of the adjacent plies.

To measure the transverse in-situ strength, the specimen must be designed to have 90° ply at
the middle of the laminate surrounded by plies of other orientations at the surface. It is worth
remarking that, few published experimental works were focused on measuring the transverse
tensile strength of an embedded ply ([3} 6] for carbon/epoxy and [7]] for glass/epoxy ). More-
over, the use of these available results for the validation of in-situ strength criteria and/or damage
models is limited by the lack of a complete set of material properties.

This paper aims to study the effect on the in-situ transverse tensile strength of an embedded
90° ply of the ply thickness and of the stiffness of the neighboring plies, by means of a new
technique to measure the crack density with respect to the applied mechanical strain. Neither
unloading nor handling the specimen for inspection are required. In order to obtain the in-situ
strength from the experimental data, the procedure summarized in [5], which is based on the
Classical Lamination Theory (CLT), is used. Four ply sequences are tested ([+45/90,]; (n =
1, 2 and 4) and [02/904]s). With this focused test campaign, it has been possible to assess the
usefulness of the devised methodology to monitor ply matrix cracking, while delivering results
that are not accounted for in the current in-situ strength criteria.
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2. Experiments

The material used in this study was a carbon/epoxy material, Hexcel M21/T800, widely used
in aeronautic structures. The pre-impregnated plies were laid in the desired configuration and
cured according to the Hexcel’s specifications. After curing in an autoclave at 180°C, the spec-
imens were cut into the final dimensions using a diamond disk. The unidirectional elastic prop-
erties and strengths were measured according to the corresponding ASTM standards, Table [2]
| The thermal and fracture properties were taken from the literature [§].

Elastic properties FE, =130.7 GPa; E, =8.01 GPa; G;5 = 3.95 GPa; v;5 =0.35
Strength YT =40.5 MPa; S* = 69.6 MPa
Thermal Properties ay =2.1 puel°C; ap =24 pe/l°C
Fracture properties Gre =250 J/m?; Gy, = 500 J/m?
Nominal ply thickness 0.184 mm
Table 1. M21/T800 carbon/epoxy unidirectional properties

Four symmetric and balanced stacking sequences were selected; [£45/90], [£45/902]s, [£45/904]
and [02/90,]s. The first, the second and the third laminates were used to check the effect of the
thickness of the 90° layer with the same adjacent layers (£45°). The third and the fourth were
used to check the effect of the orientation of the adjacent layers for the same 90° layer thick-
ness. The specimens were 180 mm long and 30 mm wide. The thickness was dependant on the
stacking sequence.

The specimen was loaded by means of an universal testing machine (MTS INSIGHT100) with
a 100 KN load cell. The longitudinal strain was measured using an axial extensometer (MTS
634.25 F-24) with a gage length of 50 mm and 50% maximum extension. An 18 Megapixel
Canon digital camera (EOS 550D) with macro lenses (100 mm {/2.8 Macro L IS USM) were
used to monitor 40 mm of the specimen edge (the middle of the zone between the grips). Special
care was taken to focus properly on both extremes, top and bottom, of the field of view. With
the aid of the camera’s SDK (Software Development Kit), connected via a USB port to a PC, it
was possible to take a picture every 5 seconds. The test setup is shown in Fig. [T

The specimen was loaded at 1.0 mm/min. During loading, the camera took a picture every 5
seconds. The process continued, uninterrupted, until the final failure of the specimen (neither
stop nor unloading was required). The image acquisition was synchronized with the reading of
the load and the strain from the testing machine, so each image could be easily attributed to the
load and strain on the specimen at the moment where the picture was taken.

The methodology adopted to calculate the in-situ tensile strength is that used by Flaggs and
Kural [S)]. Based on the Classical Lamination Theory in a symmetrical laminate, the mechan-
ical strain in the global coordinate system (g;) can be calculated as a function of the applied
mechanical load (P) and the membrane stiffness matrix A;; (¢; = A;ijj). By transformation
(eF = Ti’;fj ) the mechanical strain in the local coordinate system can be calculated for each
layer k.

The thermal induced stress due to the curing process should be estimated based on the difference
between the room temperature (7;) and the stress free temperature (7). This stress is highly
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Figure 1. Transverse tensile test setup

dependent on the curing temperature [9, [10]. At curing temperature, the laminate can not be
considered as stress free due to the existence of chemical residual stresses. The value of T is
usually 15°C higher than the curing temperature [11]. Through the current analysis, the value
of 195°C was used as T and, consequently, the value of AT was -172°C (AT =1, - T,; where
T, =23°C).

3. Results and discussions

To illustrate the outcome of the experimental methodology described above, Fig. [2Jand ?? show
some of the sequences of pictures obtained for the configurations [£45/90,]s. Matrix cracks
can be easily detected on the images. The configuration [£45/90], behaves in the same manner
as the configuration [+45/90,];. A different response is observed in the images obtained for
[£45/90],. The transverse crack openings are too small to be observed in the reduced resolution.
However, in the full resolution, the cracks are clearly identifiable.

The crack density versus the applied strain for the entire test campaign can be shown in Fig.
Bl Good repeatability is obtained for each configuration. It is worth remarking that the data in
Fig. [3]is limited to the data taken before the appearance of the longitudinal ply splitting. The
response is perfectly linear until a certain limit [12]]. The slope of the linear part is dependant
on the relative stiffness between the 90° layer and the neighboring layers [13]].

Relevant information that can be inferred from this experiment is the stiffness degradation in
terms of the crack density, [14,[15]. Then, Fig. E| shows the evolution of the secant modulus of
the laminates as a function of the applied strain for one specimen of each configuration. The
strain, at which the first transverse crack is observed, is indicated with 1 whereas the initiation
of ply splitting is marked with f}. There is good agreement between the strains at where these
damage phenomena were first observed and the change of slope of the stiffness curves.

Before observing transverse cracks, the configuration [05/90,],, Fig. 4(d), shows a constant
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(d) Atsaturation; £, =7947 pue; P=7210 N
Figure 2. Sequence of pictures obtained for [£45/904)s and the corresponding data (Crack
position is marked with 1)

stiffness whereas for the specimens with +45 as outer layers ([+45/90,,];) the stiffness curve
is constant until a threshold strain from where the stiffness decreases. The same trend is recog-
nized in the in-plane shear test of [£45],4. The coincidence of the strain at which the stiffness
starts to decay supports this idea. Similar results are shown in [16] for [+45/904)s glass/epoxy
laminates.

For the configurations [+45/905], (Fig. #(b)), [£45/904] (Fig. and [02/90,] (Fig. 4(d)),
the slope of the stiffness curve changes at the initiation of transverse cracks and the reduc-
tion continues with a constant slope until the appearance of ply splitting. The configuration
[£45/90], shows a different trend, Fig. the onset and accumulation of observed transverse
cracks do not alter the decay rate of the stiffness. The onset of ply splitting causes a relevant
change of the slope of the curve. This behavior of the [£45/90]; reveals that these transverse
cracks are only free edge cracks i.e. they do not propagate through the full specimen width.
This result is in agreement with the observation of Parvizi et al. [[7] for glass/epoxy laminates
with thin transverse plies.

Based on this analysis, the transverse tensile strength of the configurations [+45/905]5 ,[£45/90,]
and [02/904]; is taken as the stress for the onset of transverse cracks. This stress derives from
the critical strain, which is calculated by means of a linear fitting of the crack density versus
applied strain, Fig. [3] The critical strain corresponds to the extrapolation of the fitting line to
zero crack density.

Taking into account that the observed transverse cracks for the configuration [+45/90],, do not
have an influence on the mechanical behavior of the laminate as they are only free edge cracks,
the tensile strength is taken as the onset of ply splitting. Then, for [£45/90],, the strain level
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Figure 3. Crack density vs. strain

corresponding to the ply splitting (the strain level marked with 1) in Fig. |4) is considered as the
critical strain. In spite of the fact of being a different micromechanism from that considered for
the other laminates, this definition is useful for design. Between these two competing failure
mechanisms (transverse cracking and ply splitting) ply splitting is that which appears at lower
stress in [£45/90];.

In Fig. [5] the measured values of the transverse tensile in-situ strength are compared to those
predicted using a physically-based in-situ model [1, 3, 4]. However, this approach does not take
into account the effect of neighboring plies.

The comparison between the configurations [02/904])s and [£45/904)s shows that the in-situ
strength of the first is 10% higher than that of the second. This means that the stiffness of
the neighboring plies does have an effect on the strength of the transverse ply. This result is
in agreement with the phenomenological proposal of Wang and Karihaloo [[17]. However, the
available physically-based in-sifu model, Eq. (??) and (??) does not account for this effect.
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Figure 4. Stiffness vs. the applied strain ({ represents the initiation of +45 nonlinearity, 1
defines the initiation of transverse cracking and {} defines the initiation of ply splitting).
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Figure 5. In-situ strength as a function of the ply thickness (Point A corresponds to longitudinal
ply splitting whereas B, C and D correspond to transverse cracking).

These results show the usefulness of the prescribed methodology to measure the in-situ strength
based on the real time monitoring of microcracks and the stiffness degradation. A thorough test
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campaign over [+6/90,,], laminates of properly characterized material would provide the nec-
essary background to assess the predictive capability of existing in-situ models or to introduce
the appropriate refinements to them.

4. Conclusions

Four stacking sequences were used to measure the in-situ transverse tensile strength of 90° plies
surrounded by 0° or +45° layers. A new methodology based on the real time image acquisition
of the specimen edge was presented to detect cracking in the transverse layers without inter-
rupting, unloading or handling the specimen for inspection. The Classical Lamination Theory
was used to calculate the in-situ strength.

The observed damage mechanisms were first transverse plies, and then longitudinal ply split-
ting. The observed cracks in thin transverse plies did not have an influence on the specimen
stiffness as they were only free edge cracks. Thus, the longitudinal splitting was considered as
the mechanisms determining the ply strength in this case. On the other hand, in thick transverse
plies, the transverse cracks controlled the ply strength. The measured values of the in-situ trans-
verse tensile strength exhibited a dependency on the stiffness of neighboring plies as well as on
the thickness of the transverse layers.
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