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Abstract

Aligned discontinuous long fibre (DLF) thermoplastic composites present a promising

lightweight alternative to continuous fibre reinforced composites in high-volume ap-

plications. They offer a balance between mechanical properties and processability and

provide an avenue for repurposing manufacturing waste. This study examines the me-
chanics of aligned DLF composites based on chopped discontinuous glass-fibre-

reinforced polyamide-6 (PA6-GF60) unidirectional (UD) tapes as a function of tape

length through a combined experimental and numerical simulation approach. Tensile

tests, acoustic emission and 2D digital image correlation (DIC) were employed to in-

vestigate the stress-transfer and failure mechanics in aligned tape brick-and-mortar model

composites, revealing critical stress-transfer lengths and initiation and propagation of

various failure modes. A finite element analysis (FEA) damage model was developed to

simulate the mechanical properties and stress-transfer mechanism in these composites,
accounting for variability in tape properties and microstructures. The results revealed a

transition from tape-tape interface failure to tape fracture as the dominant failure mode

with increasing tape length, although even at higher tape lengths, failure was still initiated

by tape pull-out in the skins. A critical tape length of approximately 15 mm was identified,

beyond which mechanical properties no longer significantly improved. Results from both

experimental and numerical methods showed good agreement, suggesting the model can

be used to provide insights for property optimisation of these types of composites.
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Introduction

Aligned discontinuous long fibre (DLF) composites, also known as patched or arrayed

chopped strand laminates, represent a specific class of discontinuous composites. These

materials are manufactured by assembling discrete, aligned prepreg patches into lami-

nates. They offer improved formability compared to continuous composites and are less

prone to defects such as fibre wrinkling.1 This characteristic makes them suitable for

producing complex components, such as rib structures.2 Furthermore, aligned DLF

composites can be produced using prepreg waste generated during laminate

manufacturing.3 By cutting waste plies into the required tape dimensions, these offcuts

can be repurposed and incorporated into a new laminate preform4 using techniques

including robot placement of offcuts4 and mechanical alignment.5

As summarised in Figure 1, previous studies have demonstrated a trade-off between

formability and mechanical properties when selecting discontinuous composites. DLF

composites strike a balance between the high processability of short-fibre composites and

the superior mechanical properties of continuous-fibre composites.6,7 Through alignment,

it is possible to increase the mechanical properties of DLFs above those of randomly

oriented DLF composites.8,9 This improvement approaches the mechanical performance

Figure 1. Processability and mechanical properties of various discontinuous fibre composite
architectures. The gray shaded area represents the property and processability profile of aligned
DLFs.
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of continuous fibres when the DLFs have a sufficiently high aspect ratio, above which

mechanical properties plateau.10

Using chopped UD tapes as reinforcing units, it is possible to produce composites with

two levels of scale into a brick-and-mortar morphology, with reinforcing elements (tapes

as bricks) bonded together with a thin layer of matrix (polymer as mortar). This mor-

phology has been studied in several other composite systems which exhibit broadly the

same mechanics (albeit at different length scales),11 including the biological composite

nacre (where hard aragonite tiles are embedded in a protein matrix),12 arrayed 2D

nanoparticles13 and aligned discontinuous fibres.14

Stress transfer between individual tapes is a critical factor in the design of aligned DLF

composites, as the interface between adjacent tapes is often the weakest point, where

failure initiation and propagation are most likely to occur.1 In addition to interface

strength, stress transfer is significantly influenced by the overlap area between tapes15 and

matrix stiffness.16 Given these sensitivities, modelling these composites effectively re-

quires precise calibration of interface properties and a thorough understanding of the

stress transfer mechanisms.

Various researchers have developed numerical simulation models for predicting the

mechanical properties of DLF composites through the investigation of internal stresses.

These have mostly included models of the mechanics of randomly oriented tape-based

DLF composites. Earlier work implicitly represented each tape as an equivalent laminate,

without modelling the interface interactions between the tapes.17,18 Other authors

modelled randomly oriented DLF composites with explicit representation of the tapes,

such as Kravchenko et al.,19 who modelled the tapes and interface using a 3D voxel mesh

of randomly oriented platelets, while Ryatt et al. expanded on this study to accurately

model stochastically oriented tapes while accounting for voids and waviness.20,21

Accurate models for aligned DLF composites are typically easier to develop than for

randomly oriented DLF composites due to the reduced heterogeneity these composite

systems have. The analytical shear-lag model by Pimenta et al.22 accurately models the

micro-mechanics in tension of brick-and-mortar DLF composites and has been applied to

predict pseudo-ductile behaviour23 and was later expanded to 3D geometries.24 Meso-

scale models of tape-based DLF composites have included the work of Shi et al.,25 where

tapes were assembled into designs with varying overlap lengths. In the work of Shi, the

interface parameters were taken from material data sheets rather than estimated by fitting

to experimental data such as digital image correlation (DIC) data. The latter approach was

taken by Goutianos et al.26 and Kussmaul et al.,1 allowing more accurate predictions of

performance at lower tape lengths (which are more dominated by interface properties).

However, these authors did not account for the inherent variability in composite strength

through stochastic determination of properties. In line with the theories of stochastic

mechanics, such as the fibre break propagation model of Zweben and Rosen,27 these

variations in the material reduce the overall strength of the composite by creating a non-

uniform stress field.28,29 Therefore, there is a need for a modified modelling approach to

evaluate the critical tape length in aligned DLF composites, such as characterising stress-

transfer and interface parameters, and incorporating the stochastic failure characteristics

of the reinforcing elements.
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In addition to the challenges with capturing stress-transfer in numerical models, failure

initiation and damage evolution in DLF composites are complex, necessitating full-field,

in-situ monitoring to calibrate numerical models. DIC allows the tracking of local de-

formation in composites which can be used to characterise damage mechanisms.18,30

X-ray computed tomography (CT) scans can be used for 3D analysis of composite failure

modes in-situ31 and combined with thresholding32 or digital volume correlation (DVC) to

track failure qualitatively.33 Alternatively, in cases where failure is not visible (e.g. due to

opaque specimens) and failure is multi-modal, previous works have used acoustic

emission (AE) signals to identify failure mechanisms through correlating AE signals to

particular failure events, for example through thresholding techniques,34 correlating

failure to the frequency of AE events35,36 and unsupervised learning techniques.37 This

technique has been used to characterise failure in hybrid discontinuous-continuous fibre

systems34,38 and discontinuous fibre mats,39 but to the best of our knowledge, has not

been used to characterise the different failure modes of tape-based aligned DLF

composites.

The mesoscale mechanics of aligned DLF composites have had little attention in the

literature so far. Through FEA models, Kussmaul et al.1 studied the optimal pattern for

patched-aligned DLF composites while Shi et al.25 studied the effect of different overlap

lengths in different locations in the composite. However, these works lack an extensive

experimental study of the underlying mesoscale mechanics which is necessary to validate

these models at both the meso and macro scale. In addition, they do not incorporate the

inherent stochastic properties of aligned DLF composites, such as variable tape strength.

In summary, there is a significant gap in the literature of experimental failure me-

chanics studies on aligned DLF composites. In addition, existing models lack both

calibration with experimental results and incorporation of stochastic properties, reducing

confidence in predictions. This gap is addressed in this study. The internal stresses and

failure mechanics of aligned DLF composites based on chopped thermoplastic UD tapes

were systematically studied using a variety of experiments and numerical simulations.

The interfacial properties in aligned glass-fibre-reinforced polyamide-6 (PA6-GF60) tape-

based composites were evaluated using the double-lap shear test. Damage initiation and

propagation in the DLF composites were studied using AE, allowing the identification of

different failure modes that occur for different mesostructures and tape lengths, as well as

validating a stochastic FEA model. Alongside experiments, this was used to explore the

mechanical properties of tape-based DLF composites as a function of tape length for a

brick-and-mortar model composite. The FEA model was then used for the identification

of the critical tape length, which is crucial for developing aligned DLF composites that

exhibit an optimal balance between mechanical properties and processability.

Experimental methodologies

Specimen manufacturing

The material used was a continuous unidirectional (UD) tape of glass fibre-reinforced poly-

amide 6 (PA6) with 60 wt% (40 vol%) E-glass fibre (Celstran® CFR-TP PA6GF60-03). Tapes
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were supplied by the Celanese Corporation and had an initial width of 305 mm, a thickness of

0.3 mm and an area density of 507 g/m2. The melting temperature of the PA6 is 220°C.

Double-lap joint specimens. Double-lap joint specimens were manufactured to determine

the interfacial properties between PA6-GF60 tapes. To investigate the effect of overlap

length on mechanical properties, a double-lap joint of varying lengths was manually

positioned between two discontinuous tapes of PA6-GF60 as shown in Figure 2. The

overlap lengths used were 3 mm, 5 mm, 10 mm, 25 mm, 50 mm, 100 mm, and 150 mm.

Given the difficulty of fusion bonding two thermoplastic materials, end tabs made from

the same material were bonded to the ends of the tapes to prevent failure near the grips.

Polytetrafluoroethylene (PTFE) films were placed either side of the single tapes to

maintain the shape of the samples during the hot compaction processing but were re-

moved before mechanical testing. Each sample was consolidated using the vacuum-

bagging method (1 bar pressure) at 240°C for 12 min.

Brick-and-mortar specimens. Tensile specimens with an aligned “brick-and-mortar”

structure were produced with nine plies. Continuous PA6-GF60 tapes were slitted as in

Figure 3 to produce discontinuous tapes. Rectangular plaques of 300 mm × 300 mm x

3 mm were manufactured by laying up these cut plies into a perfectly aligned discon-

tinuous “brick-and-mortar” mesostructure laminate. This resulted in butt joints between

neighbouring tapes within the same ply, and an offset equal to lt
2
was applied between

Figure 2. Tabbed double-lap joint specimen with overlap length indicated.

Figure 3. Schematic of the aligned DLF composites manufacturing route from cut UD tape and the
resultant aligned “brick-and-mortar” mesostructure.
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neighbouring plies, as shown for two plies (layers 1 and 2) in Figure 3. The resultant

aligned regular brick-and-mortar mesostructure is also indicated in Figure 3. The chosen

edge lengths lt studied were 25 mm, 50 mm, 75 mm, 100 mm, 125 mm and 150 mm

(constant tape size within each plaque) and were manufactured using the vacuum-bagging

method (1 bar pressure) at 240°C for 16 min. Tensile specimens of 250 mm × 15 mmwere

cut from each plaque using a diamond cutting wheel in accordance with ASTM D638.

Due to inherent variability in the manufacturing process of the laminates due imprecise

placement of discontinuities and placement of the layers in the brick-and-mortar structure,

the location of discontinuities is accounted for by fitting the offset from a baseline location

for several discontinuities to a normal distribution. Zeiss Xradia Versa 410 Micro-CT

system with a voxel size of 10 μm, an accelerating voltage of 60 kVand a power of 15 W

was used to image the specimens. The specimens were rotated 360° and 2879 projections

with two frames per projection at 1050 sec exposure time and were collected on a charge-

coupled device detector. An aluminium filter of 1 mm thickness and a source-detector

distance (SSD) of 1200 mm were used. To obtain clear images, results from the µ-CT

system were reconstructed using the Zeiss built-in reconstruction software and the scans

were calibrated using a voxel scaling method.40 15 locations were measured and used to

calculate a normal distribution which represents the probabilistic nature of the location of

discontinuities. Examples of these discontinuities are shown in Figure 4. The parameters

of the normal distribution were a standard deviation σ = 2 mm and a mean μ = 0 mm.

Mechanical testing and DIC

Double-lap shear tests were performed using a Zwick Z250 testing machine at a cross-

head speed of 1 mm/min. The specimen thickness was calculated as the average of the

thickness at three points in the regions between the tab and overlap. Tensile tests on tape-

based aligned DLF laminates were performed according to ASTM D638 with a gauge

length of 150 mm and the specimen thickness was calculated by averaging the thickness at

three points.

2D digital image correlation (DIC) technique was adopted for full-field strain mea-

surements using the Zwick videoXtens biax-2-150 HP system. Awhite elastic spray paint

was used to create a speckled pattern on the specimen. The images for 2D DIC analysis

were captured using a camera resolution of 0.15 µm and a field of view of 103.9 mm ×

69.4 mm with a sampling rate of 500 Hz.

Mechanical testing was also used to determine the properties of the UD tape. To

determine tensile strength, 30 specimens of UD tape with a length of 250 mm were end-

tabbed using the same method as for the double-lap shear specimens and were tested for

tensile strength. Weibull statistical analysis was used to determine the Weibull modulus

and characteristic strength, and to describe the size effect in the tape used in this study,41 a

valid approach at tape lengths significantly above the stress-transfer length as in this study.

The Weibull modulus was calculated to be 18.96, and the characteristic strength was

824.1 MPa (see Appendix A). Tensile testing according to ASTM D3039 was used with

varying laminate thicknesses to determine the remainder of the tensile properties using

continuous UD tape for the 0° (5 plies) and 90° (10 plies) directions. The in-plane shear
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properties were measured using static tensile testing on a ±45° laminate (16 plies) ac-

cording to ASTM D3518 and assumed to be representative of the interlaminar shear

properties.

Acoustic emission

AE analysis was performed using a Mistras PCI-2AE system with two wideband pie-

zoelectric sensors (PICO-200-750 KHz, Mistras). The AE sensors were placed 100 mm

apart on the specimen with silicon grease as an acoustic couplant between the sensor and

the specimen surface. The signal was amplified using a Mistras In-line preamplifier with a

gain of 26 dB. The threshold for the minimum strength of signals recorded was set to

45 dB and the sampling rate for acoustic data was set to 5MHz. A Hsu-Nielsen pencil lead

break test was used to calibrate the acoustic system for each specimen in accordance with

ASTM Standard E976-94.

Figure 4. A µ-CT scan image of the aligned brick-and-mortar structure, showing that the
discontinuities are offset from each other rather than aligned along the thickness. The yellow
circles indicate discontinuities at tape ends.
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The main features of each acoustic event were extracted from the recorded acoustic

signals using Fast Fourier Transformations (FFTs). A schematic summary of the defi-

nition of features for an AE signal is presented in Figure 5. Location sensing was used to

account for the attenuation in the signal, since both the amplitude and energy of an

acoustic wave would decrease as the distance from the source increases, following the

general form:

B ¼ B0e
�αx (1)

where B0 is the amplitude or energy at the source location, x is the distance between the

source and the sensor, and α is a constant specific to the measurement of amplitude or

energy.

Two benchmark specimens were specifically designed, both consisting of nine UD

plies with a single transverse slit or cut within each ply. The first specimen type had a very

short overlap distance of 3 mm between the cuts in neighbouring plies, leading to pull-out

only (Figure 6(a)). The second specimen had a very large offset distance of 150 mm

between the cuts in neighbouring plies and long overlap lengths and was therefore

expected to fail by tape and fibre fracture (Figure 6(b)).

Numerical simulation methodologies

FEA was used to estimate the performance of discontinuous aligned tape composites.

While tape properties are assumed to remain constant, interfacial properties are less

clearly defined and require an experimental study to be better understood. Given that the

double-lap shear experiments may identify the transition from interface-dominated failure

(tape pull-out) to fibre-dominated failure (tape fracture), these experiments were used as a

benchmark to estimate the interfacial properties between UD tapes. While short tape-

length aligned DLF composites are difficult to manufacture, modelling the interface

failure using an estimated cohesive law allows for the assessment of composites with

Figure 5. The parameters of an acoustic emission event.
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tapes shorter than the lowest experimentally tested length (25 mm) and the identification

of a critical tape length. The aligned DLF composites are modelled with the stochastic

discontinuity placement previously calculated.

FEA model parameters and setup

Tape model. The mechanical properties used in the model for the prepreg tape are given in

Table 1. The tapes were modelled as a linear elastic material with elastic properties

acquired from mechanical testing of UD tapes. Tape fracture initiation was modelled

using the Hashin criteria with strength properties defined using the Weibull

parameters,42,43 while damage evolution was modelled using energy criteria using linear

stiffness degradation. For each damage mode, the energy dissipated during the damage

progression was set to 10 kJ/m2.

Due to the strong non-linearities present in the model, convergence is difficult with an

implicit FEA solver with a true static equilibrium. Therefore, an explicit FEA solver with

mass scaling was used to overcome this under quasi-static conditions, and the tape

material model was implemented using a user subroutine (VUMAT) in Abaqus. To

Figure 6. The two engineered mesostructures for AE analysis. The intended mode of failure is
indicated in red. (a) Interlaminar shear failure with tape pull-out (short overlap length) and (b)
tape failure with fibre breakage (long overlap length).

Abass et al. 9



minimise the dynamic effects of using the explicit solver, the sum of the kinetic energy

was kept minimal to the internal energy dissipated (below 0.5% of the internal strain of the

body), indicating the validity of assuming that the solution is quasi-static.44 CPE4R plane

strain elements were used for the tape. The individual tapes and interface regions were

joined using tie constraints using the in-built Abaqus part merging feature.

Interface model. A matrix dominated region exists at the interface between the tapes in

aligned DLF composites. Two main failure mechanism affect the interface in aligned DLF

composites – matrix yielding and debonding. To model the plasticity of the matrix into

their interface models, some authors have presented a range of possible values for the

yield stress of the interface,45,46 however, it is difficult to calibrate the elastic-plastic

interface model without extensive experimental characterisation of the strain-field around

cracks or with the stress-strain curve of the prepreg matrix. Instead, a common approach

for simulating interfaces for DLF composites is used,1,8,25,26,47 where the interface failure

via both matrix yielding and debonding is captured entirely using an interface cohesive

law, reducing the number of parameters needing tuning. This approach has been shown to

effectively model the propagation of interlaminar failure under quasi-static loading.48 The

interfacial properties between PA6-GF60 tapes in the brick-and-mortar DLF composite

Figure 7. FEA model of the double lap shear test.

Table 1. Mechanical properties of the tape.

Material parameter

Longitudinal modulus, E11 35000 MPa

Transverse modulus, E22, E33 6800 MPa

Poisson’s Ratio, ν12, ν13 0.36

Poisson’s Ratio, ν23 0.30

Shear modulus, G12, G13 2000 MPa

Shear modulus, G23 1000 MPa

Longitudinal Weibull strength, X11 824.1 MPa

Weibull modulus 18.96

Transverse tensile strength, Y22 39 MPa

Longitudinal shear strength, S12, S13 22 MPa

Transverse shear strength, S23 22 MPa
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were determined by calibrating a 2D FEA model (Figure 7) of the double-lap shear tests

against the experimental results. The model was constrained in the y-direction at one end

of the specimen, and a displacement boundary condition in the x-direction was applied at

the other end of the specimen with a smooth step function to avoid artificial inertia

effects.49 The interfacial behaviour between adjacent tapes was modelled with

COH2D4 cohesive elements using a bilinear traction-separation law (Figure 8) defined by

the maximum traction, fracture energy and interfacial stiffness. Other parameters of the

cohesive law such as the gradients of the cohesive law and displacement at failure δ f
n are

calculated from these values.

For initial predications, mode I and mode II peak traction and fracture energy (ap-

proximately 45MPa and 3 kJ/m2 respectively50,51) traction-separation laws were assumed

to be the same. The interface cohesive law was estimated by varying the fracture

toughness of the FEA model while maintaining a constant interface strength and vice

versa. These values were calibrated to experimental results, as detailed in Results and

discussions - Stress transfer and debonding. The parameters used are shown in Table 2.

Modelling aligned DLF brick-and-mortar composites. The modelling of the aligned tape

brick-and-mortar structure was performed similarly to the double-lap shear structure.

Figure 8. Bilinear interface cohesive law. The mode I interfacial traction energy is equal to the
energy under the curve, Kn is the initial interface stiffness and the peak traction is bσn. Reproduced
with permission from.26

Table 2. Interface mechanical properties.

Material parameter

Young’s modulus, E 2500 MPa

Shear modulus, G 1000 MPa

Peak traction, bσn 45 MPa

Fracture energy 3 kJ/m2
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Given that there is no variation in the orientation of the tapes in the manufacturing method

in this study, a 2D FEA model with plane strain elements was assumed. The properties of

the tape and interface in this model were the same as in the double-lap shear simulations,

as are the parameters of the cohesive law and mesh parameters. The location of the

discontinuities was introduced in line with the normal distribution calculated previously.

Non-zero nodal displacements were applied to all nodes at one tape end, while nodes at

the opposite tape end were constrained in the x-direction. The geometry of this model is

shown in Figure 9. As shown in Figure 10 there is only a small impact of mesh refinement

on the model. However, a 0.1 mmmesh refinement was used since computation speed was

still acceptable and this ensured that for the smallest overlap length (3 mm) 30 cohesive

elements were present at the interface.52 At 0.1 mm refinement, the model ran on a local

Figure 9. FEA model of the aligned brick-and-mortar specimens with a regular bond structure.

Figure 10. Mesh sensitivity study showing the impact of mesh refinement on the strength of a
5 mm overlap brick-and-mortar specimen. The values for approximate global size of the elements
in the sensitivity study are plotted.
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workstation equipped with Intel® Xeon® Gold 6128 processor (6 cores, 3.40 GHz) and

64 GB of RAM in 69 minutes.

Results and discussions

Stress transfer and debonding

Debonding. The evolution of failure stress in the double-lap shear samples based on

experiments and FEAwas studied as a function of the tape overlap length and is shown in

Figure 11. This graph demonstrates the effect of overlap length on tensile strength,

showing a sharp rise in strength up to 5-10 mm, after which the strength plateaus. This

curve provides insight into the required minimum tape length for effective reinforcement,

analogous to the well-known critical fibre length concept in composite micromechanics.

The overlap length required to achieve around 50% reinforcing efficiency was ap-

proximately 3 mm. Given that the overlap length is twice the length of the overlap for each

tape, the stress-transfer length reported is half the overlap length for 50% effective re-

inforcement, that is 1.5 mm. Additionally, the results indicate that the parameters of the

traction separation law detailed in Table 2 (peak traction, bσn of 45 MPa and fracture

energy of 3 kJ/m2) provide a good fit to the experimental data.

The cracking mechanism can be identified by studying the mode mixity. The MMIXDMI

parameter in Abaqus indicates the failure mechanism for all failed interface elements after

complete failure in the simulation, with a value between 0 and 0.5 indicatingMode I failure and

0.5-1 indicating shear damage.53 Figure 12 shows the value of theMMIXDMI parameter at the

site of interface failure (adjacent to the discontinuity) at 3 mm overlap length. The results

indicate that failure is heavilyMode II dominated. Stable crack growth initially occurs adjacent

to the discontinuity and at the end of the overlap. Crack growth is pureMode II adjacent to the

discontinuity but mixedMode I andMode II at the ends of the overlap. Unstable crack growth

occurs at specimen failure. At higher overlap lengths (e.g. 10 mm and above), failure does not

occur at the discontinuity interfaces and failure instead initiates in the tape.

In Figure 11, the Mode I and Mode II parameters were assumed to be equal for the

interface parameters. Figure 13 shows the sensitivity to varying the properties of Mode I

interface (increasing bσn by a factor of two and decreasing it by a factor of 10), showing

little impact on properties. This further indicates the dominance of Mode II on failure and

indicates that assumingMode I properties are equal toMode II is a reasonable assumption.

The crack propagation at the interfaces of short tape (e.g. 3 mm) aligned brick-and-

mortsr DLF composites undergoes a stable Mode II dominated crack propagation in the

range of approximately 0.3-0.7 mm, followed by unstable pure Mode II crack propagation

at maximum load, similar to the double overlap specimens. At longer tape lengths

(e.g. >10 mm), only stable crack propagation occurs, in the range of 0.3-1.2 mm, with

failure dominated by tape failure. Given that crack propagation is over small distances, it

is likely that this governs mesh convergence.

Stress transfer. For qualitative evaluation, the in-plane stress transfer is imaged in

Figure 14 by plotting shear strains using DIC. This demonstrates the presence of stress

Abass et al. 13



Figure 11. The effect of varying (a) peak traction (with fracture energy of 3 kJ/m2) and (b) fracture
energy (with peak traction, bσn of 45 MPa) in the cohesive zone model on FEA tensile strength
predictions together with experimental data for the double-lap joint tensile tests.
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concentrations at the discontinuity and shows a characteristic ‘H-shape’ through the

variation of positive and negative shear strains. In Figure 15, the axial strain profile across

a discontinuity is shown for a brick-and-mortar specimen of 125 mm tape length just

before ultimate failure. The axial strain was plotted along the section across the dis-

continuity. Given that the spatial resolution allows the computation of strains within the

stress transfer region, there is confidence that both the stress transfer length and shape are

representative of the mechanics. Figure 15 shows the axial strain in the neighbouring tapes

near a discontinuity. Its shape resembles that of a strain concentration arising from a fibre

break in a unidirectional composite.54 The DIC study also indicates that the chosen

Figure 13. The effect of varying Mode I traction on properties at each overlap length.

Figure 12. The mode mixity parameter MMIXDMI plotted along the interface for the 3 mm
overlap length. A value of�1 indicates no failure, 0 is for pure Mode 1 failure and 1 is pure Mode II
failure. The stability of the crack by location is also indicated.
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interface stiffness of 2.5 GPa provided a good fit of the experimental stress-transfer data

(see Figure 15). An approximate stress-transfer length of 1-1.5 mm is observed, cor-

responding to a critical fibre length lc of 2-3 mm. This is similar to the analytical result for

lc based on the elastic-perfectly plastic Kelly-Tyson model, where lc for a platelet system

is obtained as follows:

Figure 14. The shear strain distribution for a 125 mm brick-and-mortar specimen imaged from
the side with DIC.
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lc ¼
σf d

2τ
(2)

where d represents the reinforcement diameter, τ is the interface shear strength and σf is

the reinforcement strength at lc.
55 For values τ ¼ 45 MPa, σf ¼ 824.1 MPa and d ¼ 0:3

mm, lc ¼ 2.75 mm, showing general agreement between the experimental and FEA

results and the model.

Acoustic emission failure analysis

Since failure in composites is typically multimodal, correlating each signal to a failure

mechanism is a complex process.34,56–58 To address this, the model specimens with biased

failure modes where one mode dominates were used to correlate signal features with each

failure mode using the energy and amplitude of signals, as in the work of de Groot et al.59 and

Fotouhi et al.23 Fibre fracture and tape-tape interface failure are the most critical failure modes

in tape-based DLF composite specimens subjected to in-plane tensile loads,17 and the SEM

images of failed interface and fibre fracture specimens are shown in Figure 16.

The amplitudes of AE signals obtained from the specimen that failed by either tape

fracture or tape-tape interface failure are shown in Figure 17. The initiation of damage was

taken to be the first significant increase in cumulative AE energy. The negligible value of

cumulative energy at low strains for the 150 mm overlap specimen, indicates that damage

was initiated at just over 1% strain, that is at around 92% of the ultimate failure strain, as

shown in Figure 17(a). This contrasts with Figure 17(b), showing the variation of AE

amplitude and cumulative energy for the interface failure dominated specimen. Here

damage initiated at 0.54% strain, that is, at 68% of the ultimate failure strain. Between

damage initiation and final failure, the detected AE events displayed amplitudes ranging

from 60 dB to 75 dB.

Figure 15. Axial strain by DIC and FEA versus distance from a tape discontinuity in the fibre
direction.
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For both specimens, prior to damage initiation, AE signals were dominated by low

amplitudes (<60 dB) and energy signals and were therefore considered background noise.

To test the origins of these noise signals, a mechanical test was performed on a neat

PA6 tensile specimen which did not result in any detected hits above the 45 dB threshold.

Figure 16. SEM images (×50 magnification) of the failure site for (a) a 3 mm overlap laminate, with
tape pull-out after interface failure evidently the dominant failure mode (b) a 150 mm overlap
laminate, where significant fibre failure is observed.
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Figure 17. Plots of amplitude of AE events and corresponding cumulative energy in (a) a specimen
with a 3 mm overlap length between tapes and interface failure followed by tape pull-out as the
dominant failure mode and (b) a specimen with a 150 mm overlap length between tapes and tape
fracture as the dominant failure mode.
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In the case of ductile plastics like PA6, AE events are not likely to occur due to matrix

yielding (in contrast to brittle epoxy matrices, where matrix cracking events are reported

to exceed this threshold amplitude60). Comparing the AE data for these specimens in-

dicates that high-energy and high-amplitude events are characteristic of fibre breakage, as

these events occur exclusively in the 150 mm overlap specimen. Additionally, since

failure in the 3 mm overlap specimen was dominated by interface failure, it can be

concluded that hits in the range 60 to 80 dB are related to interface failure, since these

events occur after damage initiation, and mid-range hits are attributed to delamination and

debonding.57 To analyse the initiation and propagation of each damage mode separately,

Figure 18. (a) The amplitude and energy of events as assigned to the different failure modes. (b)
Counts of AE events by amplitude for the energy range associated with each failure mode for a
150 mm overlap brick-and-mortar specimen.
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the failure modes were mapped to the corresponding energy and amplitude of their events,

as shown in Figure 18(a). The distribution of amplitudes for each energy range for a

typical 150 mm overlap specimen is indicated in Figure 18(b), which shows that while

there are overlaps in data ranges, these are of a negligible value. The three ranges are (1)

signals attributed to background noise, with 0-15 aJ energy and 45 to 65 dB amplitude, (2)

signals attributed to interface failure with 15-120 aJ energy and 60 to 85 dB amplitude and

(3) signals attributed to tape and fibre fracture with energies greater than 120 aJ and

amplitudes greater than 75 dB.

The classification results are used to describe the initiation and propagation of each

failure mode in the 150 mm overlap specimen by plotting the energy progression of each

mode of failure. Since failure is solely due to interface failure in the 3 mm overlap

specimens, this is not repeated for these specimens. As shown in Figure 19, the first

significant AE events are related to interface failure. This failure mode initiated at 92%

ultimate strain, or 1.02% strain. Fibre fracture initiated at 95% ultimate strain, corre-

sponding to 1.05% strain. Most of the energy dissipated in the failure of the sample was

from fibre fracture, as shown by tracking the final positions of the cumulative energy

curves.

A direct comparison of the number of AE events in each specimen is presented in

Figure 20. The larger number of AE events for the 150 mm overlap specimen is clearly

due to the much larger number of failure sites (fibres) compared to the fewer failure sites in

the 3 mm overlap specimen, where damage occurs at the tape-tape interface. Similar

results have been found by other authors, for example Barkoula et al.,61 who similarly

Figure 19. The cumulative energy of each failure mode for the 150 mm overlap aligned-DLF
specimen.
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reported a higher number of AE events for composites with fibre-dominated failure modes

compared to composites with tape-dominated failure modes.61

Figure 21 shows a comparison between numerical simulations and experimental data,

together with the corresponding damage initiation point determined by AE. The stress-

strain curves indicate a relatively accurate prediction of the strength and stiffness of the

composites. The order of failure mode initiation for the 150 mm specimen is accurately

described, with failure initiating by interface failure at 94% of ultimate strain shortly

before fibre breakage initiates at 97% of ultimate strain. The close correlation between

Figure 21. The initiation of interface failure and fibre fracture for the two specimens according to
simulation and as detected by AE monitoring.

Figure 20. Cumulative count of AE events with varying strain for each specimen.
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Figure 22. (a) The distribution of shear stress (MPa) through the thickness of a specimen before
failure initiation. (b) The distribution of von Mises stress (MPa) through the thickness of a
specimen before failure initiation.
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failure mode initiations indicates the accuracy of the tuning performed in this work. As

shown in Figure 22(a), according to the simulation, tape-tape interface failure initiates in

the outer skins of the composite. This can be expected as tapes on either side of a

discontinuity in the skin can only be loaded from one side of the tape, facing the core

region. Hence, the shear stress at the interface of a tape in the skin must theoretically be

double the shear stress at the tape-tape interface in the core to load the tape to the same

tensile stress. This results in a higher shear stress and early failure of the interface for

tapes in the skins than the core. It is further noted that fibre breakage initiates at a

location adjacent to the initiation of interface failure, as indicated in Figure 22(b), where

a clear stress concentration is observed next to the location of interface failure initiation.

It is noted that the simulations in Figure 22 used an exact brick-and-mortar geometry

with no stochastic offset or stochastic tape strength to avoid stochastic effects on

mechanics.

The results for the 3 mm specimen indicate that the initiation of interface failure

according to simulation was significantly later than in the experimental results. There

could be several reasons for this discrepancy, including the inadequacy of the traction-

separation law to describe interface failure, the necessity of defining a different criterion

for damage initiation using AE or variability in the interface strength resulting in earlier

local failures.62 In this study, damage onset was described as the first significant increase

in cumulative energy (which is inevitably the first significant failure event), however, this

may not correspond to the initiation of interface failure and failure initiation may be better

described by surpassing a certain proportion of energy. This would explain the relatively

accurate prediction of failure initiation for the 150 mm specimen, since the cumulative

energy curve in Figure 19 has a high gradient, indicating rapid propagation of damage.

However, the rate of cumulative energy for the 3 mm specimen in Figure 17(a) was

highest at the onset of damage, which may indicate that another method is needed to

accurately describe the cumulative energy threshold for damage onset.

Effect of tape length on mechanical properties

Figure 23(a) shows the FEA predictions for three simulations alongside experimental

results for the tensile strength of aligned brick-and-mortar DLF composites as a function

of tape length. The results show that the experimental results were accurately modelled by

the FEAmodel. Due to the difficulties of manufacturing brick-and-mortar samples at short

tape lengths (<10 mm), these are modelled using the FEA model. As expected, at very

small overlap lengths (<4 mm), the FEA model predicts failure to be dominated by

cohesive (interface) failure, while at higher tape lengths, both experimental and FEA

studies demonstrate that failure is dominated by tape (read:fibre) fracture. This is in line

with the results of the double-lap shear experiments, which demonstrate that the critical

stress transfer length is approximately 2 mm. The FEA model indicates that 90% of the

plateau strength is reached with a tape length of approximately 15 mm. Similar results are

observed for the effect of tape length on stiffness as shown in Figure 23(b), albeit at lower

tape lengths (∼10 mm). This again agrees with micromechanical models for short fibre

composites, which typically predict an earlier plateau for modulus than strength with
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Figure 23. Influence of tape length on (a) tensile strength and (b) Young’s modulus of aligned
brick-and-mortar DLF composites; FEA simulations versus experimental data.
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increasing fibre length.63 The plateau strength is approximately 50% of the tape strength,

which is expected given that for a regular-bond brick-and-mortar structure, tape ends are

aligned, meaning the volume fraction is half that of the tape in the tape end area.

Conclusions

In this work, the mechanics of aligned DLF thermoplastics composites were characterised

using idealised model experiments and FEA simulations. Double-lap shear experiments

were used to investigate the dominant failure mode for composites with variable tape

lengths. Given that the double-lap shear joint is representative of the joints in aligned tape-

based DLF composites with brick-and-mortar architectures, this test provides real insight

into the failure mechanism of these structures. DIC was used to characterise the stress

transfer across a tape-end discontinuity, revealing a characteristic ‘H-shape’ profile when

viewed in plane. AE signals were correlated to tape-tape interface failure and fibre-

dominated tape fracture and used to identify the progression of different failure mech-

anisms at different tape lengths. A stochastic FEA model was developed based on these

experiments showing a good correlation with experimental results for meso and macro

level stress-strain response together with the propagation of fibre fracture in the tapes. The

key results can be summarised as follows:

· A transition from the dominant failure mode of interface failure to fibre-dominated

tape fracture is observed with increasing tape length for aligned DLFs, with the

critical tape length for this change in failure mode leading to a plateau in properties

being approximately 15mm. At this critical tape length, the mechanical properties

of the aligned DLFs reach a plateau at 50% of UD tape strength due to the use of a

regular bond structure
· At higher tape lengths, failure also initiates by tape-tape interface failure but is

closely followed by fibre-dominated tape fracture, which then becomes the

dominant failure mode.
· FEA indicates that failure is primarily initiated by tape-tape interface failure in the

outer skins of the laminate. This occurs because tapes located in the outer skins

have only half of the interfacial area available for stress transfer, in contrast to tapes

situated near the core.

The developed FEA model accurately captures the mesoscale mechanics of aligned

DLF composites. It can therefore be used for the design and optimisation of composite

mesostructures and to assess the impact of variability and manufacturing defects on

mechanical performance. Further work on the influence of such defects and variability in

the location of tape end discontinuities is currently underway together with an optimi-

sation framework to maximize mechanical properties.
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Appendix

Appendix A

To calculate the Weibull parameters, the strength data from of the single-tape tests

were sorted, and the cumulative probability of failure, Pf , was calculated by nor-

malizing and cumulatively summing the occurrences of each strength value. The data

was divided into 20 equally spaced bins between the minimum and maximum strength

values for detailed analysis. To estimate the Weibull parameters, we applied a double

logarithmic transformation to the cumulative probabilities, ln
�
ln
�

1
1�Pf

��
, and took

the natural logarithm of the corresponding strength values, ln ðσÞ. Linear regression
was performed on these transformed variables to determine the Weibull shape pa-

rameter, w, and scale parameter, σ0. The Weibull modulus for the tape (18.96) is

significantly higher than that reported for glass fibres, which has been reported as

between two and 6,63 indicating less scatter in strength values for the tape than the

individual fibres, an expected result given that each tape consists of thousands of

fibres. The length of the tapes in this study are significantly above the critical fibre

length, indicating the validity of extrapolating Weibull values calculated from the

stochastic tests to the tape lengths in this study.64
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