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Abstract

Composite laminates under fatigue loadings undergo a stiffness degradation due to the initiation and
propagation of off-axis cracks. Therefore, predicting the initiation and propagation of such cracks is a
matter of extreme importance in the design of composite structures. Recently, Carraro and Quaresimin
proposed a criterion for ply crack initiation. In this work, a model for the off-axis crack propagation in
laminated composites subjected to multiaxial fatigue loadings is presented. On the basis of several
observations reported in the literature, the crack propagation phenomenon can be seen as the result of a
series of micro-scale events occurring ahead of the crack tip within a process zone. It is also clear that
a change in the damage mode occurs when moving from mode | to mode Il conditions. Based on these
evidences and by means of a multiscale approach to determine the micro-scale stress fields in the
matriX, two simple parameters are defined to be used for predicting the crack growth rate through a
Paris-like law. The application to several experimental data from the literature shows the capability of
the proposed parameters to summarise all the crack propagation data into two scatter bands covering
the whole mode mixity range.

1. Introduction

The sequence of damage modes for multidirectional laminates under cyclic loads usually consists of
off-axis cracking followed by delamination and fibre breakage leading to the ultimate structural failure
[1-5]. Off-axis cracks involve the entire thickness of a layer and propagate along the longitudinal
direction in the matrix between the fibres. Off-axis cracking represents a very important progressive
damage mode, causing most of the stiffness degradation usually observed in composite laminates [6].
In addition, the damage evolution in composite laminates is a multi-scale and hierarchical process,
involving several length scales [7]. In fact, the initiation of an off-axis crack is the result of the
accumulation of damage in the matrix at the micro-scale [7]. A damage-based model for the initiation
of off-axis cracks considering this evidence through a multi-scale approach was presented in [8] where
two micro-scale stress parameters controlling the initiation process were identified from experimental
observations of damage modes occurring at the fibre-matrix level. Once an off-axis crack has initiated
within a ply of a laminate it grows in a steady state manner along the longitudinal direction. The
resistance to the crack propagation depends on the local mode-mixity at the off-axis crack front [5].

In spite of the importance of this phenomenon, physically based models to describe the mixed-mode
off-axis crack propagation do not exist at present. However, a wide literature is available concerning
the propagation of interface cracks in bonded joints and delaminations in laminates (e.g. [9-17]). In
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these cases, a macro-crack grows within a thin adhesive or matrix layer between the fibres. Therefore,
both in the case of an inter-laminar and an off-axis crack, the problem can be regarded as that of a
crack propagating under mixed-mode conditions in a matrix interlayer between the two stiffer
adherends.

During static and fatigue loading, the damage evolution ahead of the crack tip does not appear to be a
point phenomenon, and therefore the idea of a failure process zone model has received considerable
attention. Inspired by the model presented in [18] and the experimental evidence indicating a finite
region of damage for Mode 11 dominated loading reported in [16], Carraro et al. [19], proposed that the
average Maximum Principal Stress in a finite region of the adhesive ahead of the crack tip governs the
crack propagation in bonded joints for both static and fatigue loading. Conversey, the only mode |
ERR component was proved to be the crack propagation driving force in the case of nearly mode |
loadings.

As mentioned above, the propagation of off-axis tunnelling cracks have not been satisfactorily treated
in the literature, so that an off-axis crack propagation model suitable is highly desirable. To achieve
this ambitious target, an efficient multi-scale strategy along with a damage-based mixed-mode model
is presented in the present work. A new damage-based model is developed and it is shown that two
Paris-like master curves and scatter bands can be adopted to predict the Crack Growth Rate (CGR) for
the entire range of mode-mixities. As a consequence, data from fatigue tests on two different laminate
configurations only are required as input.

2. Crack propagation mechanisms

When a crack propagates in a soft matrix layer between stiffer adherends, as in the case of inter-
laminar and also tunnelling cracks, two main mechanisms can be observed at the micro-scale,
depending whether the loading condition is Mode | or Il dominated. As reported in [11,16], the
propagation of an inter-laminar crack under near mode | conditions mostly occurs in a co-planar
manner at the interface or within the matrix layer, as shown in Figure 1a). If the interface is weaker
than the matrix, a self-similar interface propagation will occur. This scenario is typical of pure Mode |
conditions, but it was observed also in the presence of small Mode Il contributions [5,16,18]. In these
conditions, the Mode | ERR (G, ) is responsible for the co-planar crack propagation, when the Mode 11
ERR (Gy) contribution is low enough. Consequently, predictions of the CGR can be done based on G,
only. For the case where the interface is tougher than the matrix, scarps and ribbons, resulting from the
initiation of micro-voids, are the most commonly observed fractographic features in FRP materials
[20,21] (Figure 1a). These cavitation-like phenomena are typical of Mode | dominated loadings
[20,21] and it is reasonable to assume them to be controlled by the hydrostatic stress component ahead
of the crack tip, this being very high for nearly Mode | loading. The series of events shown in Figure
la) has been confirmed in [5], where the fracture surfaces of glass/epoxy tubes under Mode |
dominated conditions showed both the presence of clean fibres and scarps and ribbons in the matrix,
indicating that both the adhesive and the cohesive types of propagation could potentially occur for
tunnelling cracks.

A different damage scenario was observed for Mode Il dominated loading conditions [11,16-20], as
illustrated in Figure 1b). In this case the crack grows within the matrix layer along the maximum
circumferential stress direction, inclined with respesct to the crack plane, until it is close to the
adherends or the fibres, which prevent the further propagation. This is also the case for off-axis
tunnelling crack propagation in FRPs, where the crack propagates in the matrix and the fibres assume
the role of a constraining layer, which prevent the crack from propagating in its favourable direction.
Then, the crack advances through the initiation of multiple inclined micro-cracks ahead of the crack
tip. As discussed in [11,17], the evolution of this damage mode is controlled by the maximum
principal stress within the matrix, ahead of the crack tip. This scenario was observed in [7] during the
fatigue propagation of 45° off-axis cracks in a glass/epoxy laminate, where in a small region ahead of
the crack tip (process zone) micro-cracks, inclined with respect to the fibres, initiated.

To conclude, the interface crack propagation rate under Mode | dominated loadings can be predicted
on the basis of G,. In the other cases, a new damage-based criterion is required that utilises the micro-
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scale stress fields in the matrix in the neighbourhood of the crack tip, in particular the hydrostatic and
the maximum principal stresses. In the next section, the multi-scale approach adopted for predicting
the propagation rate in these conditions is presented.

Mode | - dominated Mode Il - dominated
a) b)

—

Figure 1. Crack propagation mechanisms under mode | and Il-dominated loadings.
3. Multiscale modelling

In the presence of off-axis cracks in the plies of a laminate, several approaches can be adopted for
modelling the laminate response both in terms of global and ply-level stresses and strains. In [6] the
available analytical or numerical tools are reviewed alongside with the application of an optimal
shear-lag analysis to general laminates. These models can also be adopted for the estimation of the
Mode | and Mode Il ERR components associated to a crack propagating in a steady state manner. In
these models, the plies of the laminate are considered as homogeneous materials with orthotropc
elastic properties. This approach is valid only if the crack is about 40 times longer than the interfibre
spacing [22].The ERR components calculated through this macro-scale models will be referred to as
Gihom and Gy nom. As proved by the same authors, in these conditions the ERR calculated through the
macro-scale models is equal to that calculated through the FE analyses in which fibres and matrix are
modelled separately and G, and G, are computed by means of the J-integral aveluated along a path in
the matrix [22]. Accordingly, the following equations can be written:

GI,hom :Gl,het :GI (1)
Gll,hom ZG||,het =G|| (2)

Where G net and Guihet are those calculated in the matrix through the heterogeneous model.
Thanks to this equality, the Stress Intensity Factors in the isotropic matrix can be calculated as

/G =
Kim = 1'_—\}; -

G||'Em

K
1—v§

II,m

Where Em and vm are the Young mdulus and the Poisson’s ratio of the matrix. With reference
to the reference system of Figure 2, the stress fields in the matrix along the crack bisector can
be expressed through the Irwin’s equations under a plane strain condition:
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Figure 2. Reference system for the micro-scale stress fields

Accordingly, the intensity of the local hydrostatic stress and the local maximum principal stress in the
matrix ahead of the crack tip can be quantified by means of the following parameters:

o, +0,+0 2(1+v
K, =lim \/zm# :MKM (5)
r—0 3 '
0=0
2
o, +o, oy —O, )
K, =lim| |2nr + T Ty =Kin Ky (6)
r—0 2 2 ' '
0=0

Substituting eq. (3) and introducing the mode mixity parameter MM=G /G, these can be re-written
as

_2(1+Vm) Em'Gl
=3 \/(1—@) Y

(G, +Gy)E,
—1_Vr2n (8)

K, =(v1=MM + /MM |

In order to work with energetic parameters, which is more common in fracture mechanics problems in
the field of composite materials, the following effective ERRs are defined:

42
Gh:KﬁﬂL:GI 9
E, 2(+v,)
1-v2 2
G, =K? - =(VI-MM +JMM)"-(G,+G,,) (10)

m

These are considered as representative of the driving force for crack propagation when the dominant
damage mechanisms are represented by the initiation and coalescence of micro-voids or inclined
micro-cracks, respectively. It is worth noting that, under mode I-dominated loadings, G, is the driving
parameter, both if the propagation is at the interface and within the resin inter-layer.
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4. Validation

As a validation of the present crack propagation model, the crack growth rate data coming from
several works in the literature are here re-analysed showing the Paris-like plots as a function of G, and
G.. It can be seen that, in all the cases, the crack growth data are well collapsed into two single curves,
one in terms of G, and the other in term of Gy, for the entire range of mode mixity values. As a
conclusion, the crack growth rate under mixed mode loadings can be predicted by using the Paris-like
curve in Gy or G;, when the mode mixity is higher or lower than a threshold values of about 0.2.
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Figure 3. Crack growth data from Ref. [5] in terms of a) Git, b) Gy and c) G,
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Figure 4. Crack growth data from Ref. [23] in terms of a) G, b) Gp
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Figure 5. Crack growth data from Ref. [24-26] in terms of a) G, b) G and ¢) Gy

5. Conclusions

A model, based on the micro-scale damage mechanisms, has been developed to predict the crack
growth rate of intra- and inter-laminar cracks in composite laminates. The model is based on the
micro-scale stress fields in a process zone ahead of the crack tip, calculated through a multi-scale
strategy. According to the proposed criterion, the prediction of the crack growth rate can be done using
a Paris like-curve relating the crack growth rate to two ERR parameters (G, and G,), when the mode
mixity (G over G ratio) is below or above a threshold value around 0.2.
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