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Abstract 

Measuring mode II fracture toughness at a dissimilar interface using the Transverse Crack Tensile 

may be challenging, particularly if geometric and elastic symmetry conditions are not maintained 

during crack propagation. Building on previous results, the authors propose to extend the modified 

Transverse Crack Tensile test setup to hybrid interfaces. A preliminary parametric calibration was 

carried out to determine key design parameters. The proposed method was experimentally validated 

through mechanical testing with the assistance of DIC to evaluate the full-field strain. A Finite 

Element model was appropriately implemented to study the extension of potential plastic zones. 

The results obtained for the chosen metal-composite interface demonstrate that the proposed test 

setup can be successfully extended to hybrid interfaces, confirming its robustness. Additionally, 

guidelines for the design of the test samples are provided.  

Keywords:  Delamination, Hybrid Composites, Fibre Metal Laminates, Experimental methods.
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1. Introduction 

The last decades have seen a marked increase in the use of composite materials in the transportation 

sector. Their superior strength-to-weight performance enabled the design of lighter structures, 

resulting in air and terrestrial vehicles offering significantly reduced emissions and energy 

consumption [1–3]. However, due to the intrinsic material complexity and associated design 

uncertainty, certification authorities expect composite components to meet more stringent standards. 

This often results in over-dimensioning practices that compromise the true weight-saving potential 

of composites. For this reason, academia, research centres and industry have committed to study 

and develop new, reliable, and robust methods to precisely describe and measure the mechanical 

response and failure mechanisms that characterise composite materials [4,5] thus providing greater 

confidence in the design of composite structures.  

While manufacturing flexibility gives composite engineers the possibility of designing monolithic 

components, larger structures are typically made from numerous joined parts to limit complexity, 

reliability, manufacturing, maintenance, and logistical issues. As in the case of metal components, 

mechanical fasteners usually represent the current “best practice” solution for joining composite 

parts, even if novel fastener-free through-thickness reinforced joints are starting to attract increased 

attention [6]. However, mechanical fastening guarantees joint reversibility, allowing for easier 

disassembly, improved inspectability and repairability, and the replacement of limited portions of 

the structure in case of irreversible damage, with a substantial maintenance cost reduction. On the 

other hand, using mechanical fasteners in combination with composite laminates may be insidious. 

In the first instance, composites lack the plasticity characteristic of metals, and this may lead to a 

sudden failure of the joint before any detectable warning signs, thus creating a clear safety issue. 

Moreover, composites are characterised by various failure mechanisms (e.g. fibre fracture, fibre 

kinking, matrix cracking, delamination) and a high notch sensitivity, and their performance is 
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strongly influenced by both geometry and laminate layup, making failure prediction extremely 

challenging. Furthermore, Additionally, highly orthotropic composite joints typically suffer from 

low bearing and shear strengths.  

To overcome some of these issues, the laminate can be locally thickened in the area surrounding the 

joint, thus lowering the stress levels in these critical zones. Additional plies can also be locally 

introduced to enhance material quasi-isotropy.  However, ply drop-offs, and the one-sided laminate 

eccentricity resulting from local thickening, may introduce spurious and undesirable stresses. 

Moreover, this approach can lead to increased fastener dimensions and overall weight, thus 

undermining the joint efficiency [7–10]. 

Several methods have already been proposed to enhance the behaviour of mechanically-fastened 

joints [11–14], yet often their complexity has inhibited them from finding industry-wide 

applications. The most promising approach involves the use of hybridised fibre metal laminates 

(FML), such as local interleaving of the composite with metal foils. Various authors investigating 

FML demonstrated a remarkable increase in joint bearing strength, as well as the possibility to 

exploit the plasticity of the metal foil. Furthermore, FML hybridisation employing a ply-

substitution method prevents the local thickening of the composites. Recent improvements in metal 

surface treatments and new manufacturing techniques further support the interest in this solution 

[15–17]. 

In the typical design of a locally interleaved joint, three main zones can be identified: a fully hybrid 

region, characterised by alternating composite plies and metal foils, homogeneous through the 

entire thickness, that is directly subjected to the load transferred by the fastener, and to which the 

enhancement of the joint performance is mainly attributable (enhanced bearing strength, fatigue 

behaviour, energy absorption); a monolithic FRP region that usually constitutes the largest part of 
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the component, and which is meant to support the global loads; a transition region where the 

number of metal layers is gradually adjusted (Figure 1).  

 

Figure 1 – Schematic representation of a locally hybridised bolted sample (after Camanho et 

al. [17]). 

The transition and hybrid regions are both prone to hybrid interface delaminations. Interlaminar 

failure may initiate from the stress concentrations localised at the metal-composite ply substitution 

zones or at the fastener hole itself. Thus, hybrid interface interlaminar properties become essential 

input parameters for the numerical models used in the design of such hybrid joints. In such a 

mechanically fastened joint, the presence of the bolt constrains the relative opening movement of 

the plies, thus managing to suppress most mode I interlaminar failure propagations, leaving mode II 

as the predominant failure mode. The more proximate the interlaminar failure is to the fastener, the 

stronger the mode II dominance [18–20]. 

For the measurement of mode II fracture toughness, several authors have made use of the 

standardised End Notched Flexure (ENF) [21–23] and End Loaded-Split (ELS) [24–26] tests when 

characterising monolithic composites. After comparing different variants of these two tests, 

including a number of standard and non-standard data reduction techniques, Pérez-Galmés et al. 

[24] concluded that the Calibrated ELS test method was the most suitable method. However, hybrid 

interfaces present a different challenge for mode II characterisation which has not yet been 

addressed. The data reduction techniques suitable for standard ENF and ELS coupon tests do not 

allow for different stiffnesses in the two arms. Testing coupons in which substrates have different 
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stiffnesses results in fracture propagation that is not purely mode II [27,28]. However, Hwang et al. 

[29] pointed out that the compliance method [23] is not recommended in the case of hybrid 

composite samples. Nevertheless, Mujika et al. [30]  reported that the compliance calibration 

method can be used to determine the pure mode II ERR if certain conditions are respected in 

designing multimaterial Asymmetric-ENF. On the other hand, potential drawbacks have been 

highlighted in the literature (e.g., material properties, specimen geometry, fixture geometry, 

through-the-thickness compression). The influence of friction was also studied, and authors 

provided controversial results ranging from a contribution of 2% (in the case of 4ENF) to 14% [31–

34]. In addition to this, the use of test setups based on bending may be dramatically time-consuming 

in the case of fatigue testing due to the large displacements involved and low cycle frequency to be 

used  [35] especially in the case of high cycle fatigue tests. Also, sample shifting up to 20 mm was 

observed in some case making necessary the implementation of new strategies [36]. Given the 

above, it seems clear that the existing methods are not readily amenable to the testing of hybrid 

interfaces, and it is worthy investigating a simpler setup. 

These issues could be mitigated by characterising the mode II interfacial toughness using a more 

recently proposed test [37], the Transverse Crack Tension (TCT - also known as the Central Cut 

Plies test [38,39]), which has been modified and validated for monolithic unidirectional (UD) 

composites. Early results showed that the original TCT geometry does not allow for a pure mode II 

delamination to be achieved, compromising the energy release rate calculation. The specimen 

geometry was revised to include four symmetrical longitudinal pre-cracks emanating from the 

central transverse crack and was renamed as the modified Transverse Crack Tension (mTCT). This 

improved geometry delivered the desired results with good repeatability and reliability. Fatigue 

[32,35,40] and dynamic [41] loading scenarios were also investigated, with the results confirming 

the robustness of the mTCT method for characterising monolithic mode II interlaminar fracture. 



7 

 

To the authors’ best knowledge, even though the original TCT geometry, with its aforementioned 

shortcomings, has already been used to characterise hybrid composites [17], the much-improved 

mTCT configuration was not yet explored. This work seeks to address this gap, by assessing the 

validity of the mTCT test for characterising the mode II fracture of fibre-metal hybrid interfaces. 

After presenting an appropriate analytical model for a hybrid mTCT test, a parametrical numerical 

analysis is conducted, investigating the influence of material and geometrical parameters on the test 

outcome. The numerical analysis outputs provided the design bounds for manufacturing hybrid 

fibre-metal test specimens. Experimental tests were performed to validate the proposed method, 

with the Digital Image Correlation (DIC) technique used to directly evaluate the full strain fields 

around the pre-crack tips. The experimental results were then fed to the analytical model to obtain 

the mode II fracture toughness.  Results demonstrate that the mTCT configuration can successfully 

be extended to the case of hybrid composite for the assessment of the mode II fracture toughness of 

hybrid metal/composite interfaces. 

2. Materials and Methods 

2.1 Material and manufacturing process 

Hybrid sandwich-like panels were fabricated using six plies of Hexcel (Stamford, United States of 

America) M79 UD600 prepreg composite [42] for the core (nominal cured ply thickness of 0.55 

mm, total nominal core thickness of 3.3 mm), and 1.5𝑚𝑚 thick CorTen steel plates (ASTM A606 

HSLA Steel, Cold Rolled Sheet [43]) for the outer skins. The relevant mechanical properties of the 

two materials are reported in Table 1. A Hexcel HexBond™ 679 resin film [44] was used to adhere 

the metallic skins to the composite core. To prepare the metal substrates for the co-curing process, 

the substrates were roughened by using 100-grit sandpaper and opportunely degreased by using 

acetone. A hybrid 150x270 mm2 panel was co-cured under vacuum at 70 ºC for 8 hours following 

the manufacturer's recommendations [42–44]. Once cured, samples with nominal dimensions of 250 
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x 15 mm2 were machined using a waterjet cutter. It is important to point out that the unusual 

combination of steel and CFRPs in this context is not proposed as a technological solution. The 

samples were manufactured and tested with the aim of demonstrating that this configuration can be 

applied to hybrid interfaces in general. A different choice of material for the mechanical tests does 

not affect the validity of the results. Moreover, using stiffer materials as the outer layers could result 

in the central composite layer bearing a smaller portion of the load and the stress would likely 

follow the outer stiffer plates, potentially leading to metal plasticization before the crack onset. 

However, as this effect was considered in the sample design and plasticization monitored during the 

tests and simulated via FEM, it does not undermine the general conclusions drawn from the results 

of this study. 

A schematic through-thickness representation of a hybrid mTCT sample is given in Figure 2(a), 

while the manufactured panel and a representative specimen are shown in Figure 2(b). In this 

figure, the position of the transverse crack is reported as a reference, in red, while the longitudinal 

pre-cracks departing from the transverse pre-crack are highlighted in Figure 2(a). While the 

transverse pre-crack is created by cutting the composite core reinforcement during the layup 

process, the longitudinal pre-cracks are manufactured through the insertion of a non-perforated 

polytetrafluoroethylene release film with a thickness of 13μm. The longitudinal pre-crack length 

2𝑎 = 60𝑚𝑚 was chosen according to the results of the parametrical numerical model 

presented in the following paragraphs. 

Table 1 – Relevant Mechanical Material Properties  

  Composite Metal 

Property Unit M79 UD600 [42] ASTM A606[43] 

Ultimate Tensile Strength – 𝜎𝑢 [MPa] 2120 ≥ 448 

Yield Strength – 𝜎𝑦 [MPa] 𝑁. 𝐴. ≥ 310 
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Tensile Modulus – 𝐸11, 𝐸𝑚 [GPa] 137 205 

Tensile Modulus – 𝐸22 [GPa] 10.4 𝑁. 𝐴. 

Shear Modulus – 𝐺12, 𝐺 [GPa] 5.4 80 

Poisson Ratio – 𝜈12, 𝜈 [ ] 0.25 0.28 

 

 

Figure 2 – (a) Through-thickness schematic view of a mTCT sample; (b) Hybrid panel, 

sample and cross-section (Sec AA) 

From Figure 2(a), the following specimen parameters are defined: 

• 𝑎- pre-crack half-length; 

• 2𝐻 - total thickness; 
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• 2𝐿 -  total length; 

• �̂� - single outer skin thickness; 

• 𝑥1 - principal direction (fibre direction); 

• 𝑥3 - through-thickness direction; 

• 𝜎 – remote stress in the principal direction. 

2.2 Digital Image Correlation and Quasistatic Tests 

A 2D-DIC was carried out during the tests to evaluate the full strain field, focusing on the area 

around the longitudinal pre-crack tips. In the context of this study, DIC was used solely to directly 

observe the strain field, with a focus on the magnitude of 𝜀33  as a key value to demonstrate that the 

mode I contribution can be neglected. To do so, images were captured at 0.3 Hz using a Single Lens 

Reflex Camera triggered remotely by the open-source software digiCamControl. Figure 3(a) shows 

the test setup. Due to the high degree of specimen symmetry, the acquisition of the images was 

limited to half the sample, so that a higher resultant resolution could be obtained around 1 set of 

pre-crack tips (Figure 3 (b)). More information on the hardware and DIC parameters is reported in 

Table 2. 

Table 2 - Photomechanical setup 

Parameter [-] 

Camera Type Canon EOS 80D 

Camera Resolution 24.2 MPixels 

Image sensor size CMOS 22.3 x 14.9 mm2 

Lens Canon EF 100mm f/2.8L Macro IS USM 

Sampling Rate 0.3 Hz 

DIC - Subset Radius 30 Pixels 
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DIC – Subset spacing 6 Pixels 

Strain radius (SR) 5 Grid nodes 

Resultant Resolution 16𝜇𝑚 𝑝𝑖𝑥𝑒𝑙⁄  

Quasi-static tensile tests were carried out using a servo-hydraulic universal testing machine MTS 

810 (MTS Systems Corporation, USA) equipped with a 100 kN load cell. The cross-head speed was 

set to 1.5 mm/min and load-displacement curves were recorded. Samples were painted with a matte 

black-on-white speckle on one of the through-thickness surfaces for DIC purposes. DIC analysis 

and data post-processing was done using an open-source Matlab®-based plugin (i.e., Ncorr [45]).  

 

Figure 3 – (a) Test setup; (b) Sample picture acquisition for DIC analysis (loading setup 

schematized). 
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2.1 Analytical Model and FEM 

As shown in previous works [37,40,46], the mode II energy release rate (ERR) for the case of 

monolithic composites can be calculated as [35,46]: 

𝐺𝐼𝐼 = 𝜎2
𝐻

2𝐸11
(

1

1 − 𝜂
− 1) Eq.  1 

where 𝜂 = 1 −
�̂�

𝐻
, with �̂� and 𝐻 as defined in the schematic of Figure 2(a).  

However, in the case of hybrid composites, when materials of different natures are used in the 

stacking sequence, and the interface (i.e., where delaminations arise) is between layers with 

dissimilar properties, the mismatch between material characteristics must be factored into Eq.  1. In 

the case of isotropic metal substrates, the following Eq.  2 and Eq.  3 can be used for the 

determination of the mode II ERR[46]   

𝐺𝐼𝐼 =
1

𝛹
(𝜎 − ∆𝑇∆𝛼𝜂𝐸𝑚)

2 Eq.  2 

𝛹 =
2𝐸11[(1 − 𝜂) − (1 − 𝑘)𝜑𝜂][1 − (1 − 𝑘)𝜑𝜂]

𝐻𝜂
 Eq.  3 

where 

𝜑 =
𝑡

𝐻𝜂
; Eq.  4 

𝜅 =
𝐸𝑚
𝐸11

 Eq.  5 

and 𝑡 is equal to the thickness of a single metal layer (N.B., 𝑡 takes into account the possibility to 

limit the metal layer to a fraction of the thickness of the outer skin so that 𝑡 = �̂� if the outers skins 

are  entirely made of metal – see Figure 4 (a)) , 𝐸𝑚 is the Young’s modulus of the metal, ∆𝑇 is the 

difference between the manufacturing process temperature and the testing environment temperature, 

and ∆𝛼 is the difference between the coefficients of thermal expansion of the composite and 

metallic layers. 
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The second term within the parentheses of Eq.  2 accounts for the mismatching thermal expansions 

of the skin and core materials that result in manufacture-induced residual stresses at the interface. If 

the critical stress (i.e. the nominal remote stress at delamination, 𝜎𝑑) is used in Eq.  1 or Eq.  2, the 

mode II interlaminar fracture toughness, 𝐺𝐼𝐼𝑐 , can be obtained. It is worth noticing that both 

equations are independent of the crack length (provided there is a uniform stress distribution in the 

cracked region far from the crack tips – i.e., stresses are uniaxial in the ligaments) and material 

orthotropy. To include them in the analysis, an alternative formulation can be used in terms of stress 

intensity factor (SIF), as previously reported in [37], using an orthotropic rescaling technique 

[47,48]. The ERR can be expressed as: 

𝐺𝐼𝐼 = (𝑏11𝑏33
1 + 𝜌

2
)

1
2
𝜆1 4⁄ 𝐾𝐼𝐼

2 Eq.  6 

where:  

• 𝑏𝑖𝑗 = 𝑠𝑖𝑗 − 𝑠𝑖2 𝑠𝑗2 𝑠22⁄ ; 

• 𝑠𝑖𝑗 are the elements of the compliance matrix, 𝑆𝑖𝑗; 

• 𝜆 = 𝑏11 𝑏33⁄ ; 

• 𝜌 =
2𝑏13+𝑏55

2√𝑏11𝑏33
; 

• 𝐾𝐼𝐼 = 𝜎√𝐻𝜒 is the stress intensity factor; 

• 𝜒 is the correction factor for geometry and material elasticity;  

• 𝛼 =
𝑎

𝐻
, the crack length ratio. 

In the case of using adhesives specifically designed to mitigate the effect of the mismatch between 

the coefficients of thermal expansion, or when using room or low-temperature curing resins, the 

contribution due to the thermal properties can be neglected.  It is worth noting that, in the context of 
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the present study, the adhesive and the prepregs used to manufacture the hybrid composites exhibits 

these characteristics. For hybrid composites, assuming that the specimen is significantly longer than 

the longitudinal pre-crack length, the correction function can be expressed as: 

 𝜒 = 𝜒(𝛼, 𝜂, 𝜑, 𝜆, 𝜌, 𝜅, 𝜏) Eq.  7 

with 𝜅 =
𝐸𝑚

𝐸11
 and 𝜏 =

𝐸𝑚

𝐺𝑚
, where 𝐺𝑚 is the shear modulus of the metal. 

The above formulation enables a parametrical numerical analysis to investigate the influence of the 

various geometrical and elastic parameters on the correction function, as well as the fracture mode-

mixity, that is here defined as: 

𝜓 =
𝐺𝐼𝐼

𝐺𝐼 + 𝐺𝐼𝐼
 Eq.  8 

where 𝜓 = 0 corresponds to a pure mode I opening, while 𝜓 = 1 corresponds to pure mode II. 

A 2D Finite Element model was prepared in Abaqus® [49]. Two different configurations were 

modelled as shown respectively in Figure 4(a) (i.e. thin metal layers interleaved in the stacking 

sequence) and Figure 4(b) (sandwich-like configuration with outer metal layers). For the sake of 

conciseness, this paper only presents the results for the specimen configuration of Figure 4(b) as 

those for Figure 4(a) were coherent and redundant. Similarly, we limit the presented results to the 

single case of 𝜂 = 0.5, even if the discussion in the following section can be extended to other 

values of 𝜂. Due to the high degree of symmetry, only one quarter of the specimen geometry was 

modelled, imposing symmetry constraints. Four-node plane strain reduced-integration elements 

(CPE4R) were used for discretisation, and linear elastic simulations were performed (Figure 4(c)) 

[49]. The ERR was calculated at the crack tip via the Virtual Crack Closure Technique (VCCT) 

[50]. A python-based iteration file was used to run simulations for individual combinations of 

elastic and geometrical parameters, as per Eq.  7. 
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Figure 4 – Numerical models: (a) interleaved layup; (b) sandwich-like layup; (c) schematic 

representation of the 2D quarter-specimen model. 

To further validate the hypothesis and demonstrate the general conclusions drawn in this study, a 

3D finite element model of the hybrid mTCT sample was implemented in Abaqus Explicit. By 

exploiting the symmetry of the specimen, only one quarter of it was modeled to reduce 

computational costs. The two substrates were modeled using C3D8R elements with an approximate 

global mesh size of 0.5 mm, while the interface was modeled using a built-in cohesive contact 

behavior.  Material and interface parameters are reported in Table 3. It is worth noting that the 

material parameters were taken from various sources, including manufacturers' datasheets and data 

obtained from experimental tests. For the contact parameters, conservative values were chosen 

based on data from literature. This choice was made under the assumption that a composite-

composite interface is generally more efficient than a hybrid interface. Following this reasoning, the 
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Mode I and Mode III ERRs were chosen to represent a composite-composite interface for the 

normal and shear-2 stresses, while the shear-1 stress [49] was set equal to the interlaminar shear 

strength (ILSS) reported in the material datasheet [42]. It is important to highlight that, given the 

lack of experimental data related to the materials, the goal of running these simulations is not to 

reproduce the exact Force vs. Displacement experimental curves but to demonstrate the robustness 

of the configuration, which is independent of the combination of materials used to manufacture the 

samples.  

Table 3 – Substrate and interface parameters used in the FE model. 

Material Parameter Value Unit Source 

Steel 

 
Density 7.83 g/cm³ Material Datasheet [43] 

Young’s Modulus E 
201.4 
(199.5 - 202.7) 

GPa In-house testing [51] 

Poisson’s Ratio ν 0.28 - Material Datasheet [43] 

Plastic  Regime of the Stress vs. 

Strain curve 
- - 

In-house testing [51] (the 

experimental curve of the 

steel is not reported for 

sake of conciseness). 

Yield Strength 
330.0 
(325.1 – 333.0) 

MPa In-house testing [51] 

Composite Density 1.75 g/cm³ 

Material Datasheet [42] 

Young’s Modulus E1 137000.0 MPa 

Young’s Modulus E2 10400.0 MPa 

Young’s Modulus E3 10400.0 MPa 

Poisson’s Ratio ν12 0.25 - 

Poisson’s Ratio ν13 0.25 - 

Poisson’s Ratio ν23 0.3 - 

Shear Modulus G12 5400.0 MPa 

Shear Modulus G13 5400.0 MPa 

Shear Modulus G23 4000.0 MPa 

Interaction 

Properties 

Normal Fracture Energy* [49] 0.28 N/mm Estimated value [37] 

1st shear fracture energy** [49] 1.08 N/mm From mTCT tests 

2nd shear fracture energy*** 

[49] 
2.0 N/mm Estimated value [37] 

Max normal stress [49] 40.0 MPa Estimated value [37] 

Shear-1 [49] 56.0 MPa Estimated value [42] 

Shear-2 20.0 MPa Estimated value [37] 
*Nominal stress at damage initiation in a normal-only mode. 

**Nominal stress at damage initiation in a shear-only mode that involves separation only along the first shear direction. 
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***Nominal stress at damage initiation in a shear-only mode that involves separation only along the second shear 

direction. 

 

 

3. Results and Discussion 

This section first presents the results of the numerical parametrical analysis, from which the 

specimen geometry used in the experimental campaign was decided. Experimental test results are 

then presented to validate the proposed methodology. 

3.1 Parametrical analysis 

Figure 5 and Figure 6 respectively present the relevant mode-mixity, 𝜓, and correction factor, 𝜒, 

results of the parametrical study for different elastic material parameters, including the orthotropy 

of the composite core (i.e. different combinations of 𝜆 and 𝜌) and the metal-to-composite elastic 

stiffness ratio, 𝜅 (see Eq.  5). 

For sake of conciseness, Figure 5 reports the results related to 𝜅 = 1.5, 𝜆 = 0.01 and 𝜌 = 1.0 as it 

was observed that 𝜅 does affect 𝜓 significantly and the results for different values are redundant 

and coherent.  In other words, it can be stated that the mode-mixity results can be considered valid 

whatever the combination of composite system and metal layer (i.e., the elastic properties of the 

metal and composites used to perform the test do not affect the robustness of the results). However, 

this same figure highlights a clear dependence on the crack length ratio, 𝛼. Indeed, for very small 

crack lengths (𝛼 → 0), the mode I contribution cannot be neglected, and the analysis demonstrates 

that a pre-crack of sufficient length (𝛼 > 0.5) should be introduced in the specimens to obtain a 

pure mode II. This result agrees with what was previously reported for monolithic composites [37]. 

Moreover, Figure 6a, b and c report the variation in 𝜒(𝛼) by keeping some of the parameters fixed, 

to appreciate their influence on the correction function and gives further insight into the behaviour 

of the proposed geometry, providing a more stringent lower bound to the pre-crack length ratio 
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design. In fact, it can be noticed that 𝜒 is non-linearly dependent on 𝛼 up to a value of almost 𝛼 =

3. Thus, a longitudinal pre-crack length ratio lower than 3 would require the crack length to be 

measured before being able to obtain a correct determination of the mode II ERR. On the other 

hand, if 𝛼 ≥ 3, the value of 𝜒 stabilises, rendering it independent of the crack length ratio, and the 

analytical formulae presented in Eq.  2 to Eq.  5 can be used in the calculation of the ERR, taking 

the first delamination load to determine the critical propagation stress, 𝜎𝑑. According to these 

results, 𝛼𝑡 = 3 can thus be considered as a threshold value in the design of experimental coupon 

geometries. This conclusion can be extended to all the combinations of 𝜌, 𝜆  and 𝜅 analysed in this 

study and results are not here shown for seek of cleariness. Considering the stability of 𝜒 and 𝜓 for 

𝛼 ≥ 3, the parametric study proceeded to investigate the variation in the steady-state value of 𝜒 as a 

function of the elastic parameters 𝜆, 𝜌, 𝜅 and 𝜏. Polynomial surface functions were fit to the 

numerically derived 𝜒 values. Figure 7 presents the results of this study for fixed sets of values of 𝜏 

and 𝜅. Figure 7(a) shows a clear influence of 𝜅 on 𝜒, and this effect is amplified for low values of 𝜌. 

On the other hand, as shown in Figure 7(b), the influence of 𝜏 is not as strong, and can be 

reasonably neglected, so that the dependency of 𝜒 on this parameter can be eliminated. Finally, 

Figure 7(c) reports a singular representative surface for 𝜅 = 1.5 and 𝜏 = 2.5, roughly equating to 

the elastic parameters for the composite and metallic materials (refer to Table 1) to be used 

experimentally.  
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Figure 5 – Variation of the mode-mixity, ψ, for elastic parameter ratios of: 𝜿 = 𝟏. 𝟓𝟎. 
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Figure 6  – Variation of the correction function, 𝝌, for elastic parameter ratios of (a) 𝜿 =
𝟏. 𝟓, 𝝆 = 𝟏𝟎. 𝟎; (b) 𝜿 = 𝟏.𝟓, 𝝀 = 𝟎. 𝟏; (c) 𝝆 = 𝟏𝟎. 𝟎, 𝝀 = 𝟎. 𝟏. 

Employing a polynomial function of the form: 

𝜒 =∑𝑃𝑖𝑗𝜆
𝑖−1 𝜌𝑗−1 Eq.  9 

the matrix of coefficients corresponding to the fitted surface presented in Figure 7(c) is: 
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𝑃 = [

0.132 0.022 −0.010 0.003
−0.032 −0.006 0.002 0
0.014 0.003 0 0
0 0 0 0

] Eq.  10 

With a coefficient of determination 𝑅2 = 0.9839. 

Based on the results just presented, the experimental specimen geometry was subsequently designed 

(dimensions reported in section 2.1), manufactured, and tested. The results of the experimental 

campaign are reported in the next section.  
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Figure 7 – Steady-state values of 𝝌(𝝀,𝝆) for: (a) 𝝉 = 𝟏.𝟎; (b) 𝜿 = 𝟏.𝟎; (c) 𝜿 = 𝟏.𝟓 ∧ 𝝉 = 𝟐.𝟓 
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3.2 Experimental campaign and Numerical Validation 

Five samples were tested using the experimental setup presented in section 2.1. DIC was employed 

on three samples for redundancy. Figure 8 reports a typical load vs. displacement curve obtained for 

one of the tested hybrid mTCT specimens. It is worth noting that this kind of curve possesses 

characteristics that are representative of both fully metallic and monolithic composite mTCT 

specimen tests [37]. In particular, point (A) (~12500 N) corresponds to the failure of the resin 

pocket that forms at the transverse crack during manufacturing, due to the resin bleeding between 

the two composite core halves. This point is followed by the steel yielding (between points (B) and 

(C) - ~14000N) and hardening, until the onset of mode II longitudinal crack propagation, occurring 

at point (D) (~17500N). However, the change in slope in the load-displacement curve is subtle, as is 

commonly observed for TCT specimens [37]. In this work, DIC was used to confirm the onset of 

cracking. In this regard, the mTCT specimen, which incorporates a pre-crack, offers more 

consistent and predictable crack propagation compared to the TCT specimen. In the latter, cracks 

tend to initiate in resin pockets near the cut, potentially resulting in less uniform propagation. From 

this perspective, the mTCT specimen demonstrates superior performance. Post-test examination of 

the fracture surfaces revealed no indications of non-self-similar crack propagation. The propagation 

of the longitudinal cracks is registered up to point (E), and the load in this region is plateaued. Once 

these cracks reach the region of the specimen which is compressed by the machine grips, the 

apparent fracture toughness rises, and the propagation stops. From this point, the contribution of the 

composite substrates can be neglected, and the metal substrates proceed to harden further. The test 

was stopped before the metal skin layers could fail, since this stage is of no value to the data 

reduction carried out in this work. 
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Figure 8 – Typical load vs. displacement curve of a hybrid mTCT specimen. 

As mentioned before, delamination propagation occurs when the metallic skins are already 

undergoing plasticity. As reported by Fink et al. [46], Eq.  2 and Eq.  3 are only valid in the elastic 

regime. This condition could be particularly restrictive for a classic TCT geometry, where the 

longitudinal crack tips at the edges of the transverse crack find themselves in the metallic region 

subjected to the maximum stress, undergoing plasticity. In the case of an mTCT, the artificial 

longitudinal pre-cracks ensure that the crack tips are located far from the central region, in an area 

where stress levels decrease due to the geometric variation of the cross-section. Thus, it is 

reasonable to assume that an elastic regime area surrounds the pre-crack tips, and that the formulae 

of Eq.  2 and Eq.  3 are still valid, so that the delamination propagation load (i.e. point (D)) can be 

used for the calculation of the critical ERR. This is also confirmed by Figure 9 where the DIC was 

locally applied to highlight the above describe scenario just prior the crack propagation. It is worth 

noting that the strain level is above the yield strain in the ligament area while a gradient exists 

across the crack tip zone with strains. Moreover, this hypothesis is confirmed by the results from the 

numerical validation presented in the following paragraph. 
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Figure 9 - DIC analysis on th the metal substrates - 𝜺𝟏𝟏 – Cracktip highilighted by the red 

arrow 

The experimental test results, and the subsequently calculated values for steady-state mode II 

fracture toughness, are reported in Table 4. 

 

Table 4 – Results from the experimental tests 

 𝐿𝑑 𝜎𝑑 𝐺𝐼𝐼𝑐 

 [N] [MPa] [N/mm] 

Average 17547 170.8 1.08 

Standard Dev. [%] 0.62% 0.62% 0.85% 

95% CI [17460;  17634] [169.9; 17.6] [1.08; 1.09] 

Figure 10 reports a sequence of contour plots for through-thickness deformation, 𝜀33, obtained from 

DIC analysis. The other strain components are of no significant interest to this work and are thus 

not presented. The region of interest for DIC analysis was limited to the area right ahead of the 

transverse crack, to mitigate the noise deriving from high-correlation-factor calculations, due to the 

discontinuity arising from the breakage of the resin pocket and the consequential disruption of the 

painted speckle layer in that zone. This strategy allows for better focusing on the pre-crack tips. The 

image corresponding to 12.5 kN was taken right before the resin pocket breaks (Figure 8, point (A)) 

while that at 14.2 kN was taken during the metal yield phase (Figure 8, point (B)). Due to the low 

level of load, the pre-cracks are not very visible, and the strain levels are close to zero. For a load 



26 

 

equal to 17.3 kN, prior to the onset of delamination propagation (Figure 8, point (D)), the two pre-

cracks are more noticeable. In this image, the high level of strains (in red) can be considered an 

artefact of the technique due to the discontinuity deriving from the speckle paint failure along the 

crack lines.  

 

Figure 10 – Half-specimen DIC analysis results for through-thickness strains, 𝜺𝟑𝟑. 
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On the other hand, the area surrounding the crack tips is characterised by a negligible amount of 

strain. If 𝜀33 ≈ 0, it can be concluded that the opening stress 𝜎33 is also negligible. Given this 

reasonable assumption, the direct observation of the results of the full-field strain analysis confirms 

that the proposed test setup allows the hybrid interface fracture to propagate in pure mode II. 

Furthermore, the slight asymmetry of the cracks that can be noticed in Figure 10 does not affect the 

robustness of the test and could be a result of a slight defect introduced during manufacturing (e.g., 

non-symmetric placement or mid-cure sliding of the two release films that form the pre-cracks). 

For the sake of completeness, Figure 10 presents a final image corresponding to a point after full 

crack propagation (i.e., 𝑃 = 17.7𝑘𝑁) and Figure 11 reports a DIC closeup analysis showing that 

𝜀33 ≈ 0 in the area around the cracktip. 

 

Figure 11 – DIC analysis of the area around the cracktip - 𝜺𝟑𝟑 – 17.55 kN 
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Figure 12 – Post-mortem fracture analysis: (a) delaminated surface – composite side; (b) 

delaminated surface – metal side; (c) side view; (d) side view – closeup; (e) delaminated 

surface closeup– composite side; (f) delaminated surface closeup– metal side;  

The post-mortem fractured surfaces of one typical specimen are shown in Figure 12. In particular, 

in Figure 12 (a) and Figure 12 (b), the glossy smooth surface left by the release film is well visible 

and the pre-crack tips can be easily detected. Moreover, the plastic deformation can be observed in 

Figure 12 (c), from the permanent significant gap created between the core halves. From the 

closeup images (Figure 12 (d) to Figure 12 (f)), a mixed adhesive-cohesive failure mode can be 

observed. The fracture seems to be concentrated near the metal substrate, indicating that the 

adhesion could be further enhanced (e.g., through a surface chemical treatment). However, the 

enhancement of metal-adhesive compatibility is not being assessed in this work. 

In Figure 13, the results from the 3D FEM simulation are presented. Specifically, the first non-zero 

value of the cohesive surface damage index helps to identify the crack onset. For this condition, the 
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von Mises stresses are also shown, with a maximum value of 275.2 MPa, which is well below the 

steel yield strength at every point of the sample, including the crack tip.  

 

Figure 13 - Finite element model results: crack onset conditions 

For higher loads, when propagation occurs, as mentioned earlier, the steel ligament may undergo 

plastic deformation. Figure 14 was generated under the condition in which the cohesive surface 

damage index reaches 1.0 for the first time at least at one point. In other words, this occurs when 

full propagation takes place, and the elements are fully damaged. Under this condition, the crack tip 

𝑎’ slightly migrated from its original position at 𝑎0, the location of the artificial crack. If the von 

Mises stresses are plotted by applying a lower bound equal to the yield strength in the contour plot, 

it is possible to visualize the portion of the metal that has entered a plastic regime. From the same 

figure, it can be observed that the position of 𝑎’ is in an area that remains within an elastic field. 

This further confirms that an elastic regime surrounds the pre-crack tips, that the Eq.  11 and Eq.  12 

are still valid, and that the delamination propagation load can be used for the calculation of the 

critical ERR. 
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Figure 14 - Finite element model results: crack propagation conditions. Closeup. 

 

Conclusions 

In this work, the authors propose and investigate the possibility to extend the mTCT test 

methodology to the case of a hybrid interface (namely, a metal-composite), for the determination of 

the steady-state mode II interlaminar fracture toughness. The main results and final remarks can be 

summarised as follows: 

• A parametrical numerical analysis was performed to investigate the suitability of the mTCT 

geometry for assessing the mode II fracture toughness of hybrid interfaces. In this 

framework, the influence of the geometrical and elastic material parameters was evaluated. 

Results showed that a classic TCT geometry (i.e. with no longitudinal pre-cracks, 𝑎 = 0) 

would prevent the development of a pure mode II fracture, and thus it cannot be taken into 

consideration for the characterisation of the steady-state mode II fracture toughness. On the 
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other hand, introducing two artificial pre-cracks (mTCT) allows a pure mode II condition to 

be achieved. Moreover, the numerical analysis provided the design parameters (i.e., lower-

bound for the crack length ratio) used during the subsequent experimental campaign. 

• The correction factor was only presented for particular combinations of material and 

geometrical parameters. However, the methodology can be easily extended to a wide range 

of material combinations. 

• Introducing artificial pre-cracks provides additional advantages and widens the spectrum of 

possible metallic materials that can be used as substrates. In particular, assuming that the 

plastic region is reasonably limited to the middle portion of the specimen around the 

transverse crack, the pre-cracks shift the crack-tips to an elastic region, enabling the use of 

the elastic-based formulae for the calculation of the mode II fracture toughness. In itself, this 

enhances the robustness of the test method. 

• The mTCT geometry was experimentally validated for hybrid interfaces for the first time. 

The DIC technique was successfully employed, enabling the evaluation of the through-

thickness strains that allowed us to reach the desired conclusion, i.e. that the crack-tips are 

subjected to a pure mode II scenario before and during propagation. Moreover, the 3D finite 

elements model confirmed that the elastic regime conditions at the crack tips allow to use 

the classical equations for the calculation of the mode II ERR. 

• The experimental campaign results showed very low levels of scatter, further demonstrating 

the robustness of the proposed test method. 

• The proposed methodology provides the scientific community with a new test method for 

the determination of hybrid interface steady-state mode II fracture toughness. While the 

model has been validated for the metal/composite interface, it applies to a broad range of 
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hybrid interfaces. The methodology may require further testing for other material 

combinations to ensure its transferability.     
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