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Abstract

Laminated fiber reinforced composites are very prone to delamination especially due to the mismatch of elastic properties between plies oriented in different directions. Crack propagation in this type of materials can be restrained by fiber bridging that provides an important resistance to crack growth. This study aims at identifying the influence of ply orientation on the crack growth behavior and the related toughening mechanisms in carbon/epoxy composites. Double cantilever beam specimens with a +45°//-45° interface are tested under mode I loading to extract resistance curves and fiber bridging tractions. The investigated antisymmetric laminates present regenerating bridging phenomena with successive migrations between inter- and intra-laminar crack propagation. While intra-laminar growth is stable and characterized by the formation of fiber bridging, inter-laminar growth corresponds to a sudden crack extension of several millimeters. The consecutive bridging zones have similar features suggesting that they are governed by one characteristic traction separation relation. The evaluated maximum energy release rate is much higher in this interface with antisymmetric angles than in a 0°//0° interface.
1. Introduction
Delamination is a very common type of damage in fiber reinforced polymer (FRPs) parts. It corresponds to the propagation of a crack in between plies that can initiate due to mismatch of elastic material properties and minor defects or that can be triggered by low-velocity impacts. In unidirectional (UD) fiber reinforced composite laminates crack initiation is usually followed by the extraction of single fibers or bundles of fibers that bridge the newly created crack surfaces. Large scale bridging (LSB) corresponds to phenomena that cover the crack for several centimeters, comparable to the size of the specimens. It acts as an important resistance to further crack propagation and the ultimate toughness of the cracked structure can greatly exceed the toughness at crack initiation.
Double cantilever beam (DCB) specimen is a standard geometry for measurements of the mode I toughness of FRPs (described in ASTM 5528 [1]). The fracture toughness is defined as the critical energy release rate (ERR) required for crack propagation. Resistance-curves (so called R-curves) describe the evolution of the ERR as a function of crack advance and their general shape is affected by a variety of parameters: microstructure, strength of the fiber/matrix interface and thickness of the delaminated parts. In particular the thickness (and therefore the stiffness of the DCB arms) has an influence on the R-curve and ERR at steady-state [2, 3]. Thicker specimens show longer bridging zone lengths and the ERR reaches a higher value at the plateau. Ply-angles at the delaminating interface also affect the fracture resistance: for a 0°//° interface it is shown that, both the toughness at initiation and at the steady-state depend on the angle [4].
The traction separation relation, commonly called bridging law, represents the magnitude of the closing tractions as a function of the crack opening displacement (COD), , along the bridging zone. The bridging law can be obtained with the “direct” method (based on Rice’s definition of the J-integral [5] and the differentiation of the ERR-COD data [6]) or with “indirect” methods (such as a combined experimental/numerical analysis using an inverse identification of the parameters of the bridging law based on the measured strains [7]). The magnitude of the maximum closing traction at the crack tip is characteristic of each fracture mechanism and thickness independent [3]. Other parameters of the bridging law such as tractions’ rate of decay and maximum COD are affected by the stiffness of the specimen for a given material and microstructure.
Multidirectional (MD) laminates are commonly used in the industry. While the elastic response of these materials is well investigated and understood, their fracture response has not been investigated in detail. The scope of the present work is to characterize the delamination at a +45°//-45° interface, which is typically encountered in quasi-isotropic laminates. DCB specimens are tested under mode I loading conditions to extract R-curves and traction-separation relations using the direct method and the results are assessed by a finite element (FE) model.
2. Material and methods

2.1 Materials and manufacturing
A unidirectional, low temperature cure, high toughness carbon/epoxy prepreg system, Gurit SE 70TM [8], is used for the fabrication of the specimens. Manufacturing is done by manual stacking of the prepreg and autoclave curing at a maximum temperature of 78°C, for an overall cycle of 16 hours under vacuum and 3 bars of applied pressure. The general characteristics and mechanical properties of the cured ply are reported in [3]. The initial pre-crack is created with the introduction of a 60mm long and 13µm thick release film in the middle of the plate to separate the +45°//-45° interface, which is investigated in the study.
Davidson et al. [9, 10] have shown that the deformation of the crack front is related to the flexural couplings of the laminate. They introduced two parameters to be minimized, Dc and Bt (Eq. 1), to guarantee sufficiently straight crack front and a proper measurement of the ERR using 2D approximations. Dc is the ratio of the coupled flexural stiffness with respect to the product of longitudinal and transverse ones and is related to the curvature of the crack front. Bt provides a measure of the bending-twisting coupling and is defined as the ratio of the torsional stiffness to the longitudinal flexural one and is related to the skewness of the crack front.

	
[image: image1.wmf]2

12

1122

 = 

 

c

D

D

DD

         and        
[image: image2.wmf]16

11

 = 

 

t

D

B

D

 
	(1)


These two parameters should not be very large otherwise the crack front is skewed and curved (crack bowing), which can alter the measurement of the crack advance (and cracked area) during the delamination, leading to inaccuracies in the measured ERR. 

	Table 1. General characteristics of the laminate. “//” denotes the precrack plane.


	Stacking sequence
	Dc [-]
	Bt [-]
	Thickness [mm]
	Width [mm]

	[45/-45/45/09/-45/45/-45 // 45/-45/45/09/-45/45/-45]
	0.33
	0
	5.92 ± 0.03
	25 ± 0.15


An antisymmetric DCB specimen with antisymmetric arms fulfills the demand for minimal Dc and Bt ratios. Accordingly, based on numerical simulations and the classical laminate theory, the specimens’ characteristics are chosen as presented in Table 1. Note that the stacking sequence is designed to match the stiffness of UD laminates with 20 plies (~4mm thickness) which is considered as a reference for comparison.
2.2 Determination of the energy release rate and traction separation relation
The ERR is determined according to the method developed by Paris and Paris [11] and it is derived by the J-integral of the outmost contour of the specimen. Under a load, P, for a specimen of width, b, which is subjected to a mouth opening angle, , (at the point of load application), the J-integral reduces to:
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The measured values of J are plotted as a function of the crack advance, a, to obtain the R-curves and with respect to the  at the location of the initial crack starter to derive the bridging laws. The point of crack initiation is defined using the non-linearity criterion [1] of the load-displacement data. The COD at the beginning of the plateau of the energy release rate, where the tractions essentially become zero is defined as the maximum separation, max. To determine the magnitude of the bridging tractions, 
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, the ERR data is differentiated with respect to ∈ (max). The resulting set of data is fitted with a generalized exponential function originating from the profile reported in [7, 12], presented in Eq. 3 to determine the final bridging law. 
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Here max is the magnitude of the closing traction at the crack tip, max, is the maximum COD at the end of the bridging zone when steady state has been reached, 
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 is the decay rate of the tractions and n is a fitting exponent.
2.3 Test procedure and numerical modeling
Prior to the experiment, numerical analysis is performed based on the virtual crack closure technique (VCCT) to estimate the contribution of the different fracture modes at crack initiation. The FE 3D-model of the DCB, with each ply modeled explicitly, demonstrates that the influence of mode II and mode III is negligible since mode I contributes with more than 97.5% to the total ERR.
The specimens are tested using an Instron 5848 MicroTester universal testing machine with a 2kN load cell. The experiments are performed under displacement control at a fixed rate of 3mm/min as designated by the standards [1]. The extraction of the R-curves and bridging laws require the acquisition of load, P, crack length, a, mouth opening angle, , and COD, , at the crack starter. The applied displacement, , and P, are acquired at a rate of 10 Hz. In parallel, the tests are recorded by image acquisition at a rate of 1 Hz using three CCD cameras facing the sides of the specimen. The crack advance,a, is measured visually using the acquired side views and grades drawn at every millimeter on both sides of the specimen, which are previously sprayed with white paint. The angle  is measured by digital image correlation (DIC) by continuously tracking two couples of targets glued onto the loading blocks [12, 13]. The relative change of the angle between the upper and lower series of targets is equal to the applied mouth opening angle,. The measure of  is based on DIC as well, being the relative vertical displacement of the upper and lower arms of the DCB at the location of the visible crack tip of the crack starter. For this purpose a random speckle pattern is applied on the sides of the specimens using black spray paint (see Fig. 1(a)).
The identified bridging laws are implemented in FE models using a zone of cohesive elements to predict the load history of the DCB experiment. The evolution of damage that describes the response of the cohesive elements is split in two regions with the corresponding relations:  a linear softening corresponding to the initial fracture toughness, followed by the identified exponential relation due to the bridging tractions [3].
3. Results and discussion

3.1 Mechanistic investigation
The specimens with an antisymmetric +45°//-45° interface present a characteristic delamination behavior with regions of stable crack growth separated by sudden crack extension (or jumps). As seen on the two consecutive side-views in Fig. 1(a), the jump corresponds to a complete failure of the created bridging bundles. The instability on the crack propagation is also reflected in large load drops on the load-displacement curves in Fig. 1(b). The stable regions are characterized by the formation of LSB as the crack propagates accompanied by an increase in fracture resistance of the material as depicted in the rising R-curves (see section 3.2).
A typical fracture morphology is depicted in Fig. 2. The pulled out fibers that are visible on both fracture surfaces (in yellow and red for fibers oriented respectively at +45° and -45° in Fig. 2(a)) show that in these regions, the crack propagates inside a ply (intra-laminar fracture). The zones of stable growth are separated by sudden crack jumps during which the crack propagates in between two plies (inter-laminar fracture) as illustrated by the neat fracture surfaces. At initiation, the crack migrates inside the adjacent plies, starting from the edges in an antisymmetric manner. In this particular +45°//-45° interface, there is no tendency for the crack to migrate preferentially to one adjacent ply or to the other as schematized in Fig. 2(b).
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	(a)
	(b)

	Figure 1. (a)  Successive side-views before and after the sudden crack jump.
(b) Load-displacement curves with mean experimental results (black dashed line), scatter (shaded), and numerical results (colored lines).


As the crack propagates further, interface failure is promoted in both the upper and lower plies along the created bridging bundles that keep their original orientation. As the created bundles in both plies reach the mid-width of the specimen, delamination can only proceed in one direction (in red in Fig. 2(a)), while the created bridging bundles in the other direction are anchored and do not grow further (in yellow in Fig. 2(a)). Both the anchored and the debonding bundles are active and keep influencing the resistance to crack propagation. As the dominant bridging bundles (red color) reach the opposite edge the creation of new ones is stopped due to the migration of the crack from intra- to inter-laminar propagation at the opposite edge. When the dominant bridging bundles debond, the anchored fibers (yellow color) fail as well and the potential energy stored is released at once with a sudden crack extension. Eventually the crack stabilizes again and slow growth restarts followed by the generation of new bridging fibers. It is important to mention that the crack front remains symmetric despite the angle orientation of the ply, since the maximum deviation of the measured crack length from one side to the other is less than 2 mm (~1-2% of the total crack length).
The fracture process, described earlier, is observed to develop successively a few times (1 to 3 crack jumps are captured depending on the specimen) and no clear tendency is visible on whether crack propagation is favored in the ply oriented at +45° or at -45°. In all tested specimens, the deviation of the applied displacement and total crack advance at the occurrence of the first jump is relatively small (see Table 2) showing that the jump is controlled by the stacking sequence and orientation of the interfacial plies. For the secondary jumps, there is a greater uncertainty since not every specimen presents a second phase of sudden crack extension and naturally they are limited by the total length of the specimen. Thus, identification of ERR and bridging laws after the 2nd jump is not feasible.

	Table 2. Characteristics of the two first jumps.



	
	Number of specimens per jump
	Applied

displacement [mm]
	Measured

Load 
[N]
	Crack length

before jump 
[mm]
	Crack length after jump

[mm]

	1st jump
	9 / 9
	21.1 ± 1.3
	78.9 ± 4.4
	95 ± 2
	136 ± 12

	2nd jump
	6 / 9
	50.4 ± 4.9
	40.7 ± 3.3
	148 ± 3
	166 ± 12
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	(a)
	(b)

	Figure 2. (a) Correlation between the evolution of the bridging mechanisms and the extracted R-curve for a representative specimen. 
(b) Surface topography of the first bridging zone with schematized widthwise migration of the crack front within the upper and lower ply.


3.2 R-curves, traction separation relations and numerical modeling

The laminates with the antisymmetric interface present a slightly lower ERR at initiation than the UD specimens (250±10 J/m² vs. 270±10 J/m²) as illustrated in Fig 3(a). The effect of the angles plies at the 
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	(a)
	(b)

	Figure 3. (a) Comparison of the R-curves of DCB specimens with 0°//0° and  +45°//-45° delaminating interfaces; with average ERR (symbols) and scatter (shaded).
(b) Average ERR (solid line) and scatter (shaded) as a function of COD for the two first bridging zones.  Diamonds correspond to points of jumps per specimen. 


interface on the maximum ERR is also similar to what has been reported by Shokrieh et al. [4] with a greater value for oriented interfaces compared to UD specimens (~800 J/m² vs. ~430 J/m²). Moreover, the evolution of the ERR along the bridging zones displays major differences: the UD laminates present a slow smooth increase up to the plateau, while the MD specimens have a steep growth form. The first bridging zone presents an initial rising part followed by an intermediary plateau maintained over a few millimeters of crack advance (see Fig. 3(a)). Afterwards, a secondary rising part is observed, indicating a change in the bridging mechanisms. This behavior can be related to the angle-ply geometry and appears when the crack front migrates from intra- to inter-laminar propagation at the edges with bridging fibers extending over the length at 45°, shown in Fig. 2(a). The subsequent crack jump, corresponding to the complete failure of the created bridging bundles is characterized by a drop of the ERR to a value close to the toughness at initiation (320±50J/m², see Fig. 3(a)). The bridging process then regenerates similarly to what is observed initially.
Figure 3(b) shows the J- data corresponding to the two first bridging zones. Despite the fact that the second increase of the ERR is not observed for the bridging zones after the first jump the similarities of the successive bridging zones are remarkable up to the intermediary plateau and suggest that a single bridging law governs this part of the fracture process. The experimental data from the first bridging zone only are therefore used to derive the bridging law by finite differentiation of the J-data and subsequent fitting of the obtained closing tractions using the exponential law described in Eq. (3). The parameters of Eq. 3, fitted with MatlabTM, are presented in Table 3 and the corresponding profile in Fig. 4(a). The max in Eq. (3) is defined with respect to the intermediary steady-state as max≡1=1.6mm. However, after δ1 it appears that the magnitude of the tractions drops to a constant non-zero value, corresponding to the second rising region in the R-curve. To overcome this issue, a modified bridging law is introduced that corresponds to the initial exponential decrease followed by a linear plateau up to 2=4mm. The magnitude of the tractions in the plateau is defined as the average of the slope of the second rising part in J- ( ∈ [1.8, 4.0] mm), as 
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 0.10 MPa. Eventually, at 2, the magnitude of the tractions drops to 0. The fitted bridging laws are respectively referred to as “exponential fit” and “segmented fit” and are both presented in Fig. 4(a). The ERRs corresponding to the identified bridging laws are derived by incremental integration and are compared with the experimental ERR-COD data in Fig. 4(b). The ERR evaluated from the exponential fit is in good agreement with the experimental values for the first bridging zone up to end of the intermediary plateau as well as for the second zone (see Fig 3(b) for comparison).The segmented fit follows well the J-  data for the entire first zone until the first jump occurs.
The implementation of the traction separation relations in 2D FE models with cohesive elements as mentioned in §2.3 is used to predict the experimental load-displacement history, both along the first and second bridging zones. For these models Abaqus® Standard, general static solver is used. Two models with a respective initial crack length of 61 and 135mm are used to simulate the experiment for each bridging zone, avoiding the region of dynamic fracture when the jump occurs. In these models both the two fitted bridging laws are implemented for comparison and the results are presented in Fig. 1(b), compared with the experimental ones. As illustrated in Fig. 1(b) both bridging laws underestimate the peak load by 3% before the crack jump. In addition, the combined exponential/linear law gives a good estimation of the subsequent load stabilization, corresponding to the second rising part in the R-curve, while the single exponential fit clearly underestimates the measured load at such point. The mean relative deviation for the “segmented” law along the first zone is 1%.
Regarding the second bridging zone, both fitted bridging laws yield alike results, with a successful modeling of the rising load (1.8% of mean relative deviation).
	Table 3. Parameters of the exponential fitting from Eq. 3 (and 95% confidence intervals).
*max (= is identified from the intermediary plateau on the J- data.
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	2.5 ± 7%
	0.52 ± 25%
	1.6*
	0.25 ± 15%
	0.10
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	(a)
	(b)

	Figure 4. (a) Raw dJ/d data and corresponding fitting of the bridging laws.

(b) Comparison of the experimental ERR-COD data with the incremental integration of the two types of fitted bridging laws.


4. Conclusions
· An antisymmetric +45°//-45° interface shows higher toughening response than the UD laminate having equivalent stiffness, similar to what has been reported in laminates with a 0°//° interface [4], even though the ERR at initiation is slightly lower.
· The delamination at such interface is characterized by phases of stable crack growth and sudden crack extensions, corresponding to successive migrations from intra- to inter-laminar crack propagations. LSB is observed in the regions of slow growth only. Stable crack growth involves both the two adjacent plies after initiation, while a single ply is favored as delamination proceeds.

· The evolution of the ERR along the first bridging zone has a stepwise form suggesting that two different bridging mechanisms are activated sequentially. The intermediary plateau matches well the value at steady-state which is observed in the second bridging zone, suggesting that a single bridging law can describe every bridging zone up to that plateau.
· A bridging law combining an exponential decrease and a linear plateau of the closing tractions can describe the stepwise form of the R-curve observed in the first bridging zone, which is not possible with a single exponential one.

· The validity of the traction separation relation derived experimentally is proven numerically with the implementation of a 2D-FE model with cohesive elements and the obtained good agreement between the experimental and numerical load-displacement response. 
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