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Abstract

Conventional randomly-oriented Tow Based Discontinues Composites (TBDCs) are materials which

combine good mechanical properties, lightweight and high manufacturability, and are therefore

interesting for high-volume transport industries. This paper proposes, designs and successfully

demonstrates a pathway to produce TBDCs with outstanding stiffness and tensile strength, by using

ultra-thin tapes of (ultra-) high modulus carbon-fibres. Numerical models are used to explore the

design space of discontinuous composite materials, in order to identify the optimal microstructural

design to maximise stiffness and strength. Selected microstructures are manufactured and tested

under tension; the experimental results show good agreement with the numerical predictions, and

demonstrate a significant increase in the tensile strength and Young’s modulus of TBDCs by

reducing the tow thickness and increasing the modulus of the fibres. Strength and stiffness increases

of over 100% compared with the commercially available TBDC systems are achieved, resulting

in mechanical properties that match the strength and overcome the stiffness of aerospace-graded

continuous-fibre laminates.

Keywords: A. Discontinuous reinforcement, B. Stress transfer, C. Analytical modelling,

D. Mechanical testing

1. Introduction1

Tow Based Discontinuous Composites (TBDCs) are an up and coming class of high-performance2

composite materials that consist of long chopped carbon fibre tows randomly distributed in a poly-3

meric matrix. The random and discontinuous nature of the material makes it more manufacturable4

than conventional continuous-fibre composites; in addition, high fibre volume fractions (up to 60%)5

are achievable with this type of microstructure, which leads to high mechanical properties [1–7].6
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Some examples of current commercial applications of TBDCs include window frames of the 7877

Dreamliner [8] and helicopter tailboom frames [9].8

Commercially available TBDCs are based either on chopped prepreg [10]or Sheet Moulding9

Compounds (SMC) [11]; in these commercially available systems, the in-plane randomness of the10

tows is achieved through proprietary processes. Lab-based TBDCs are usually manufactured by11

chopping prepreg [3, 5, 12]; in these lab-based systems, the in-plane randomness of the tows was12

achieved through a variety of processes, eg. by manually placing each individual tow in a location13

and orientation previously defined by a numerical random number generator [5], by a wet-type14

paper making process where the tows are randomly dispersed in water [12], or by scattering all15

tows at once until achieving a visually satisfactory degree of randomisation [3].16

Compression moulded TBDC specimens have shown stiffness values comparable to those of17

quasi-isotropic continuous-fibre laminates [2, 3], hence making them a good alternative to continuous18

fibre composites for stiffness-driven designs. Moreover, due to the material architecture, with stiff19

inclusions embedded in a soft matrix, high damage tolerance has been achieved [13, 14].20

However, the discontinuous architecture of TBDCs leads to stress concentrations near the21

tow-ends, which generate damage at the interface between tows, potentially leading to failure due to22

tow debonding and pull-out. For this reason, the strength values of commercially available TBDCs23

are significantly (between 30-60%) lower than those of quasi-isotropic continuous-fibre laminates [2].24

It has been experimentally shown that the thickness of the tows has a significant effect on25

the mechanical properties of TBDCs [4, 5, 15]. Wan et al. [4] found that manufacturing TBDCs26

with thin tows (of approximately 50 µm) resulted in higher ultimate strength values (500 MPa),27

closer to those of continuous fibre composites. Li et al. [5] manufactured TBDC specimens using28

two different tow thicknesses (but similar specimen thickness), and found that the specimens with29

thicker tows led to lower mechanical properties, both in terms of modulus and strength. The latter30

was attributed to the earlier onset of tow pull-out that occurs with thick tow configurations, and to31

the higher variability of the microstructure (as a result of the lower average number of thick tows32

across the thickness of the specimens), increasing the probability of the occurrence of weak spots in33

the material.34

The use of thin-plies has been shown to significantly increase the mechanical properties of35

continuous-fibre composite laminates as well. In earlier work by Dvorak and Laws [16], and later36

by Camanho et al. [17] and Arteiro et al. [18], experimental observations and numerical predictions37

have shown that the in-situ transverse tensile and shear strength increase with the reduction38

in ply thickness. Moreover, experimental studies by Sihn et al. [19] and Amacher et al. [20]39

have demonstrated that the stress for the onset of damage and the ultimate tensile strength of40
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quasi-isotropic laminates increase with reduced ply thickness.41

Li and Pimenta [21] have predicted the effect of tow thickness on the strength of TBDCs42

using analytical models specifically developed for these materials. These models were based on (i)43

equivalent laminates (in which each lamina is an unidirectional discontinuous ply with the same44

tow geometry as in the actual TBDC [5]) and (ii) shear-lag considering the the non-linear shear45

response of the matrix up to failure [13]. It was shown that it is fundamental to account for the46

finite fracture toughness of the matrix (or fibre-matrix interface) in the shear-lag formulation [13]47

in order to correctly predict the effect of tow thickness on the strength of TBDCs.48

Other models to predict tensile response of TBDCs have also been presented in the literature [15,49

22–28]; these models focus either on unidirectional [15, 27] or randomly-oriented [22–26, 28]50

composites using either analytical (and therefore efficient) or FE based (and therefore less efficient)51

formulations. However, some of these models [23, 24, 26] neglect the effect of delamination between52

the tows and are therefore unable to capture the effect of the absolute value of the tow thickness53

on the mechanical response of the material; others [15, 27], have focused only on the effect of the54

tow aspect-ratio rather than on the effect of the absolute value of thickness.55

The effect of the specimen thickness on the strength of TBDCs has also been reported in the56

literature [3, 28] It was shown that the strength decreases with the reduction of the specimen57

thickness; a strength knock-down of 50% was reported due to a specimen thickness reduction from58

3.73 mm down to 0.82 mm. This effect was justified [3, 28] by the smaller average number of tows59

through-the-thickness of the thinner specimen, which increases the variability of properties from60

one point of the specimen to another, and therefore increases the probability of very weak spots61

(e.g. with preferentially transverse tows) that can trigger premature failure.62

So far, only TBDC material systems with tow thicknesses ranging from 50-200 µm, standard-63

or intermediate-modulus fibres (below 300 GPa), and plate thickness above 1.5 mm have been64

tested and reported in the literature [4, 10, 11, 29–31]. The reported tensile-strength values of these65

TBDC systems range from 250-500 MPa [4, 10, 11, 29–31] which are still below the tensile strength66

of typical continuous-fibre QI laminates (600-900 MPa); moreover, typical tensile moduli of these67

materials are in the range of 30-50 GPa [4, 10, 11, 29–31], which barely competes with Aluminium68

in terms of specific stiffness. This leaves room in the design space of the material’s microstructure69

to investigate whether it is possible to achieve higher mechanical properties with this type of70

architectures. In this work, TBDCs manufactured with ultra-thin (20 µm) and high modulus carbon71

fibres tows (425-750 GPa) are explored, with the objective to maximise the material’s mechanical72

properties (especially its ultimate tensile strength) and assess its suitability for thinner structures.73

In Section 2, physically based numerical models, developed for TBDCs, are used to explore the74
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material’s design space and guide the microstructural design. Section 3 details the manufacturing75

and testing procedures of TBDC plates with different microstructural configurations selected;76

experimental studies are performed to independently assess how the materials’ mechanical properties77

are affected by the thickness and stiffness of the carbon-fibre tows. The experimental results are78

analysed and discussed in Sections 4 and 5, and the main conclusions are drawn in Section 6.79

2. Material Design80

2.1. Failure criteria for discontinuous composites81
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(a) Discontinuous composite with a BaM architec-
ture [13].
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(b) Longitudinal tensile strength of a BaM
composite (see Eqs 1- 3); values are for a
BaM with constituent properties of the
HexMC-M77, and for a value of k = 1.

Figure 1: Model material systems used to represent TBDCs.

The longitudinal tensile strength and failure mechanisms of discontinuous composites depend82

on (i) the mechanical properties of the constituents (i.e. fibres and matrix), (ii) the geometry of83

the reinforcing units (rectangular tows, in the case of TBDCs), and (iii) the architecture of the84

reinforcing units within the composite; the latter is extremely complex in a TBDC material (as the85

tows are randomly oriented and randomly located), and extremely simple in a “Brick-and-Mortar”86

(BaM) composite (represented in Figure 1a). Therefore, in order to explore the design space of87

TBDCs and identify potential routes to improve their tensile strength, we will first analyse the88

failure mechanisms of an equivalent BaM composite under longitudinal tension.89

Considering a BaM composite as shown in Figure 1a, where the bricks are tows (with thickness90

tt and length lt) and the mortar is the tow-to-tow interface (with negligible thickness), its ultimate91

longitudinal tensile strength is bounded by the following criteria [13]:92
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• Tow strength criterion: for high aspect-ratio (length divided by thickness) tows, the longitu-93

dinal stresses at the centre of the tow transferred via shear of the interface may exceed the94

longitudinal tensile strength of the tow Xt
T. In this case, failure of the composite is governed95

by tensile fracture of the tows (i.e. fibre failure), at the overall composite stress96

X∞D =
Xt
T

k
. (1)

where k is the stress concentration factor due to the presence of tow end. For a a perfectly97

staggered BaM composite, as shown in Figure 1a, k = 2 and for a real TBDC with randomly98

located tow ends k is between 1 and 2 [21].99

• Interface strength criterion: for low aspect-ratio tows, yielding of the interface limits the100

stress transfer to the tows [32], in a process that eventually leads to pull-out. Therefore, the101

overall composite strength, is limited by the interface shear strength (S), where the former is102

given by103

X∞D =
lt · S
2 · tt

. (2)

• Interface toughness criterion: or tows with high thickness, the strength of the discontinuous104

composite is bounded by a process governed by fracture mechanics, in which a mode-II crack105

propagates along the interface between tows [13], eventually also leading to pull-out of the106

tows. The strength of the composite, from a toughness-based formulation, is related to the107

interface mode-II fracture toughness Gm
IIc, to the tow longitudinal Young’s modulus Et

1, and108

to the absolute value of tow thickness tt by109

X∞D =

√
2Et

1G
m
IIc

tt
. (3)

It is important to notice that, while in Eq. 2 the strength is governed by the aspect-ratio110

(lt/tt) of the tows, this is not the case for Eq. 3, which is governed by the absolute value of111

the tow thickness tt.112

These three failure criteria act as boundaries of the ultimate strength of BaM composites, and113

define the design space shown in Figure 1b. The failure mechanisms mentioned above also dominate114

the tensile strength of TBDCs [5], and models based on BaM composites have been successfully115

used to model the response of TBDCs [21]. Therefore, the design space shown in Figure 1b can116

be used to identify the qualitative effect of microstructural parameters on the tensile strength of117

TBDCs.118
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Considering the typical constituents (carbon-fibres and epoxy matrix) and tow dimensions119

(above 20 mm long and 0.1 mm thick) of TBDCs [2, 3, 10, 11], the boundary governed by the120

interface toughness criteria (Eq. 3) is typically the most limiting one to the strength of TBDCs121

(Figure 1b). This interface toughness boundary can be shifted to higher values of strength (closer122

to the boundary of the tow strength criterion) by using thinner tows with stiffer fibres, which123

will improve the tensile strength of a TBDC material. The remainder of this paper will focus on124

exploring and demonstrating the effectiveness of this concept.125

2.2. Improving the strength of TBDCs via microstructure design126

A physically-based model previously developed in the literature [21] to predict the strength of127

TBDCs will be here used to quantify the benefits of using thin tows of high-stiffness carbon fibres128

as the basic reinforcement of a TBDC material system. The key aspects of the model are here129

summarised:130

i) The random discontinuous material is locally idealised as an isotropic equivalent laminate131

(see Figure 2a), with each lamina being a unidirectional discontinuous ply (with stiffness and132

strength properties given by those of a discontinuous material system, with the same tow133

geometry as in the randomly-oriented TBDC [21]); a constant number of discontinuous plies134

is assumed, oriented at equally-spaced angles, forming an isotropic layup.135

ii) A multiscale model is used to predict the mechanical properties of the equivalent laminate.136

The longitudinal modulus of a UD discontinuous ply is calculated based on a shear-lag137

model [33]; the remaining elastic constants are obtained using the Halpin-Tsai equations [34]138

(assuming a transverse isotropic behaviour for the tows). Classical laminate theory (CLT) is139

then used to homogenise the elastic properties of the equivalent laminate.140

iii) An Interactive Tension-Shear (ITS) criterion is used to predict the failure of a UD discon-141

tinuous ply under an in-plane stress state σ = [σ1, σ2, τ12]. It considers that failure of a UD142

discontinuous ply can occur due to a combination of three failure mechanisms: (i) tow fracture,143

due to longitudinal tensile stresses σ1; (ii) shear failure of the interface between neighbouring144

tows, which may occur due to progressive yielding (as in the interface strength criterion145

in Figure 1b) or sudden debonding (as in the interface toughness criterion in Figure 1b),146

resulting from the interaction between σ1, σ2, and τ12; and (iii) transverse tow/interfacial147

failure, due to σ2 and τ12. For the later, the matrix dominated failure criteria from the148

LaRC05 [35] is used, which includes the in-situ effect on the transverse tensile and shear149

strengths of the UD plies. The combination of these failure modes leads to the definition of150
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the failure surface shown in Figure 2b, from which a failure index FI can be calculated for151

a discontinuous ply; the failure of a UD discontinuous ply occurs when the correspondent152

failure index FI(σ1, σ2, τ12) = 1.153

iv) The failure of the equivalent laminate is assumed to be governed by a first-ply-failure154

criterion [21], where the equivalent laminate fails as soon as the first ply fails.155

It should be noted that this modelling approach neglects the intrinsic variability of TBDCs and156

therefore the predicted strength values are closer to those of a discontinuous equivalent laminate157

than to a randomly oriented TBDC [21]. Nevertheless, the results of this model can still be used158

to identify the trends of the influence of micromechanical properties on the overall strength of159

randomly-oriented TBDCs.160

𝜎1

𝜏12

𝜎2

(a) Discontinuous equivalent laminate, where
each lamina is a uni-directional discontinuous
ply.

𝜏"#
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𝑋+,
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(b) Interactive tensile shear (ITS) failure sur-
face [21], where XD

T
is the longitudinal tensile

strength of a discontinuous UD equivalent
ply, and Yis,T and Sis are the in-situ strengths
of the UD composite under transverse ten-
sion and shear, respectively. The strength
values presented refer to the HexMC-M77
(baseline) configuration.

Figure 2: Governing failure criteria for discontinuous composites.

The envelope of the ITS for a UD discontinuous equivalent ply defined by the interaction161

between the in-plane longitudinal tension and shear stresses (σ1 vs. τ12, with σ2 = 0, see Figure 2b)162

is governed by the shear-lag stress transfer mechanism. Figures 3a and 3b show how this failure163

envelope is influenced by tt and Et
1 respectively, using as baseline the microstructure properties of164

a commercial TBDC system, the HexMC-M77 [10] (specified in Tables 1 and 2). For stiffer and165

thinner tows, a significant shift of the failure envelop to higher values of σ1 is predicted. This effect166

reflects the more efficient stress transfer that occurs through shear-lag, delaying the onset of a167

mode-II crack propagating along the tow’s interface and ultimately leading to failure. This allows168
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for a further exploitation of the mechanical properties of the fibres, maximising the mechanical169

properties of the TBDC.170

(a) Influence of tt on the (σ1 vs. τ12) failure
envelope of the ITS criterion for a UD dis-
continuous equivalent ply.

(b) Influence of Et on the (σ1 vs. τ12) failure
envelope of the ITS criterion for a UD discon-
tinuous equivalent ply.

↑
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↑𝐸1
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(c) Predicted tensile strength of TBDCs as a
function of the tow geometric and mechanical
properties (see Table 2 for the tow properties
specified to materials A-E).

Stiffness 
improvement 

of 3.5%

(d) Effect of the tow thickness on the predicted
TBDC in-plane stiffness loss due to tow wavi-
ness.

Figure 3: Analysis of the influence of the different microstructural features/properties on the mechanical proper-
ties of TBDCs. The baseline material system is the HexMC-M77 [10], as defined in Tables 1 and 2.

The physically-based model is here used to explore the trends of the effect of the tow properties171

(tow strength Xt
T, stiffness Et

1 and thickness tt) on the tensile strength of TBDCs. Table 1 summarises172

all the material inputs required for the model, and Table 2 presents several configurations with173

different tow properties analysed. The predicted TBDC strength for each configuration is presented174

in Figure 3c, where the following trends are can be identified:175

• For configuration A, the increase in Xt
T over the baseline material does not lead to an increase176
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Table 1: Tow properties used as model inputs for the TBDC baseline configuration (HexMC-M77). Modulus values
are in GPa, strength values are in MPa, toughness values are in kJ/m2 and volume fraction in %. The values of YT
and S are correspond to the raw strength values, which are corrected for in-situ effects in Yis,T and Sis.

Material Et
1 E2 G12 ν12 Xt

T YT YC S GIIc
int V f

HexPly-M77 [36] 129† 9.0‡ 5.6‡ 0.34‡ 1258† 73‡ 200‡ 78 0.8‡ 57

† Values taken from uni-axial tensile tests on HexPly-M77 with V f
HexPly−M77

= 51.3 %, linearly scaled up to the

nominal fibre content of the HexMC-M77 material (V f = 57 %).

‡ Estimated values based on the literature [37].

Table 2: Properties used in the analysis of the influence of the tow mechanical properties on the strength of TBDCs.

Configuration Xt
T (MPa) tt (µm) Et

1 (GPa)

HexMC M77 - baseline 1258 0.164 129

A 2650 0.164 129

B 2650 0.164 516

C 2650 0.041 129

D 2650 0.041 516

E 1258 0.041 516

in the TBDC strength, indicating that, for the baseline configuration, failure is governed by177

tow pull-out.178

• For configurations B and C, the increase in the tow stiffness and the reduction of tow thickness179

(respectively) over configuration A lead to very significant increases in the TBDC strength.180

This is due to the shift to higher stress values of the toughness criterion boundary (see181

Figure 1b), as result of a more efficient stress transfer mechanism (governed by shear-lag, see182

Eq. 3), enabling a better exploitation of the tow tensile properties.183

• Configuration D is the one that presents the highest predicted TBDC strength, as it combines184

the benefits of both stiffer and thinner tows over configuration A. However, the increase of185

the TBDC strength for this configuration D is not given by a linear combination of those in186

configurations B and C.187

• Configuration E combines the benefit of thin and stiff tows as in configuration D, but with a188

lower tensile strength Xt
T. The TBDC strength predicted for configuration E is significantly189

lower than that of configuration D (and only slightly higher that that of the baseline), which190

indicates that the predominant failure mechanism in configurations D and E, is no longer tow191

pull-out but tow fracture instead; the strength of the TBDC in configuration E is therefore192

bounded by the low value of Xt
T.193
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The use of thinner tows has also been demonstrated to have a positive effect on the TBDC’s194

in-plane modulus [38], by reducing the probability of tows with significant out-of-plane orientations.195

This is due to the more regular and “layered” microstructure that results from these configurations,196

which leads to a lower impact of the tow waviness on the in-plane modulus of the TBDC material,197

as shown in Figure 3d.198

3. Materials and experimental methods199

3.1. Materials and manufacturing procedure200

In order to demonstrate the potential improvements in the mechanical properties of TBDCs201

identified with the numerical models in Section 2, TBDC plates were manufactured using tows of202

high-modulus carbon-fibres spread into ultra-thin tapes and epoxy films, as described next. The203

spread tapes were produced by TeXtreme R© spread tow technology (a state-of-the-art procedure204

for spreading tows into thin flat tapes with desired thickness and width) at Oxeon AB, using205

HS40 (High Modulus, HM) PAN-based and K13916 (Ultra High Modulus, UHM) pitch-based206

carbon-fibres. The nominal mechanical properties of the fibres (modulus E f , strength X f and strain207

to failure ε ffail) are presented in Table 3. The spread tapes had a width of 20 mm, and an areal208

weight of 21 gsm (corresponding to a thickness of approximately 20 µm) or 105 gsm (corresponding209

to a thickness of approximately 100µm) for the HM fibres, and of 105 gsm for the UHM fibres; the210

spread tapes were cut in 50 mm long pieces, hereby referred to solely as tapes. The epoxy resin211

used was supplied by Oxeon AB in the form of thin resin films, with an areal wight of 30gsm.212

The tapes were manually placed at random locations and orientations on resin films, forming213

one equivalent lamina (EL), as schematically represented in Figure 4a. In each EL (consisting in214

one resin film and 100 tapes) overlaps between the tapes were allowed, and the randomness of the215

tape positions and orientations was not constrained consciously . After the tape placement, heated216

de-bulks were performed on each EL; this consists in placing each EL in a vacuum bag on a heated217

RIFT table (at 70◦C) for 10 min, in order to ensure a better resin infusion. The final TBDC plate218

was obtained by stacking several ELs (in order to produce plates with the number of tapes specified219

in Table 4), as shown in Figure 4a. During this stacking process, the reference direction of each220

EL was incrementally rotated by 90◦ in the stack, in order to further improve the randomness of221

tape orientations and the in-plane isotropy of the material. This stacking process was followed by222

a final heated de-bulk of the plate (ensuring a more uniform distribution of the resin along the223

through-the-thickness direction) before final curing; the plates were cured in an autoclave (with224

frayed edges and a caul plate) at 6 bars and 120◦C for 1 hour, after an initial 30 min stage of at225

75◦C. Despite the use of the caul plate, some thickness and volume fraction variations occurred226
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Figure 4: Manufacturing procedure of the TBDC plates.

along the specimens, as shown in Table 4, due to the uneven number of tows along the thickness.227

Moreover, squeeze flow during the curing process was not monitored.228

Table 3: Mechanical properties of the different fibre types used in the experiments.

Fibre type E f (GPa) X f (MPa) ε ffail (%) Ref.

HS40 (HM) 425 4640 1.01 [39]

K13916 (UHM) 760 3000 0.40 [39]

Table 4: Configurations of the different TBDC plates manufactured.

Plate ID Fibre type
nominal

tt (µm)

nominal

Ntapes

measured

thickness (mm)

measured

V f (%)

testing

direction∗ (◦)

HM-20-800-0 HS40 20 800 0.187 ± 0.021 47 ± 3.7 0

HM-20-800-90 HS40 20 800 0.194 ± 0.029 46 ± 3.5 90

HM-20-1600 HS40 20 1600 0.480 ± 0.040 46 ± 1.7 0

HM-100-800 HS40 100 800 0.902 ± 0.064 54 ± 3.2 0

UHM-100-800 K13916 100 800 0.715 ± 0.075 55 ± 5.0 0

∗ Testing direction of the specimens relative to the reference plate direction.

Five different plate configurations (described in Table 4 under IDs coded as <fibre type> -229

<nominal tape thickness> - <number of tapes in plate> - <testing direction>) were manufactured230

and tested in order to independently assess different effects:231

• In-plane isotropy (HM-20-800-0 and HM-20-800-90): both plates were manufactured with the232

same specifications, although the specimens of each plate were tested at different orientations233

(0◦ and 90◦) to the reference plate direction.234

• Effect of the areal tape coverage (HM-20-800 and HM-20-1600): both plates were manufactured235
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with the same fibre type and tape thickness, but with different total number of tapes in the236

plate (Ntapes = 800 and Ntapes = 1600, respectively).237

• Effect of the tape thickness (HM-20-800 and HM-100-800): both plates were manufactured238

with the same fibre type and number of tapes, but with different tape thicknesses (20 and239

100 µm).240

• Effect of the fibre stiffness (HM-100-800 and UHM-100-800): both plates were manufactured241

with the same tape thickness and number of tapes, but with different fibre types (HM and242

UHM).243

3.2. Testing and analysis244

Each plate was cut into 5 rectangular specimens, 250 × 50 mm in length and width respectively,245

which were then subjected to a standard uni-axial tensile test, with a gauge length of 150 mm246

(following the ASTM-D3039 standard [40], and with a head displacement of 1 mm/min). The strain247

in the specimens was measured with an optical strain gauge [41]; the total strain was taken as the248

average strain measured by three virtual extensometers, each with a strain gauge length of 75 mm,249

evenly spaced along the specimen’s width. Furthermore, the modulus of each specimen was taken250

as the (best fit) slope of the measured stress-strain curve between 0.05% and 0.2% strain. Emery251

cloth was used between the specimens and the testing grips, and the majority of tested specimens252

failed within the gauge section.253

Optical micrographs were used to analyse the resulting microstructure of each plate configuration254

at three distinct cross-sections; the volume fraction of each cross-section was obtained from processing255

these three micrographs ([0.15 × 0.40] mm) using simple threshold algorithms. Images of the fracture256

surface of each specimen were taken using a standard camera, in order to identify the predominant257

failure mechanism in each plate configuration.258

4. Results259

4.1. Tensile test results260

The results of the tensile tests are shown in Figure 5; for all materials tested, the response was261

linear-elastic up to failure. All modulus and strength results presented in this section have been262

linearly scaled to a V f = 57 % (which is a typical value for commercial available TBDCs [10]), in263

order to allow for a direct comparison between different material systems. Figure 5a shows the264

measured stiffness of the specimens from each plate configuration. The modulus values of the265

plates made with the HM fibres is relatively constant across the different plate configurations; this266
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suggests that the fibre volume fraction measurements shown in Table 4 are representative of the267

plates manufactured, and that the linear scaling to V f = 57 % is appropriate. The plate with the268

UHM fibres yielded the highest average stiffness value, as expected, although with a large standard269

deviation.270

Figure 5b presents the both the average strength value measured for each plate configuration as271

well as the standard deviation:272

• The highest tensile strength value of 600 MPa was achieved with the thin HS40 tapes, and in273

particular for the plate configuration with 1600 tapes.274

• The strength difference between the HM-20-1600 plate and the HM-20-800 is quite significant,275

with a p-value = 0.06 (all p-values in this paper refer to two-sample (unequal variance) two-276

tailed t-test ); since these two plates only differ in the total number of tapes, this difference277

can be explained by a more even areal tape coverage along the thickness of the specimen in278

the HM-20-1600 plate configuration. This leads to a lower probability of finding regions with279

a small number of tapes along the thickness direction (which trigger premature failure). This280

reflects the difficulty of achieving a good fibre areal coverage in a randomly oriented TBDC281

with a low ratio between the plate and the tape thicknesses.282

• The HM-100-800 plate, with the thicker tape configuration, presents a significantly lower283

average strength value when compared to the thinner tape configurations (HM-20-800), with a284

p-value = 0.05. This is due to a more efficient stress transfer in the latter, and to an increase285

in the TBDC strength-bound dominated by the interface toughness (Eq 3).286

• The UHM-100-800 plate was the one that presented the lowest average strength; this is due287

to the combination of thick tapes, low fibre strength, and a lower total number of tapes. This288

was also the configuration with the most significant variability in the measured results, likely289

due to the fact that only 3 (out of 5) if the specimens produced valid failures (and only those290

3 are included in Figures 5b-5d).291

Figure 5c shows the failure strain of the TBDCs (εTBDC
fail ) tested; once again the HM-20-1600292

configuration was the one that presented the highest εTBDC
fail , and the UHM-100-800 configuration293

presented the lowest value. However, by analysing the ratio between the TBDC failure strain and the294

fibre failure strain (εTBDC
fail /ε ffail), as done in Figure 5d, one can better quantify the exploitation of the295

fibre strength within the TBDC, for each plate configuration: this suggests that the configuration296

with the UHM fibres (UHM-100-800) achieved a better exploitation of the fibre strength than the297

corresponding configuration with HM fibres (p-value = 0.17), due to a more efficient stress transfer298
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Figure 5: Experimental tensile test results of the different TBDC configurations tested (scaled to V f = 57%), and
comparison against the commercially available HexMC-M77 [10]; the error bars represent one standard
deviation.

mechanism promoted by the stiffer fibres in the former. However, the lower fibre strength of the299

UHM fibres (3000 MPa) compared to the HM fibres (4640 MPa) is limiting the TBDC strength300

value of the UHM material.301

As previously mentioned in Section 3.1 and Table 4, HM-20-800 specimens were tested both at302

0◦ and 90◦ testing directions, in order to verify whether in-plane isotropy was achieved. Figure 5303

shows that the properties measured at the two testing directions are identical, which supports304

the conclusion that the manufacturing process described in Section 3.1 indeed resulted in in-plane305

isotropy.306

Figure 6 compares the strength predicted by the model presented in Section 2 with the307

experimental results of three different plate configurations (HM-20-800, HM-100-800 and UHM-100-308

800). The numerical inputs for the model can be found in Table 3, except for the tape thickness309
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Figure 6: Comparison between the numerical predictions and experimental results for the strength of three differ-
ent plate configurations.

tt – which is shown in Table 4 for each plate configuration – and for the fibre-dominated tensile310

properties of the tows – which were taken as Et
1 = E f · V f and Xt

T = X f · V f , with E f and X f as311

presented in Table 3. The analytical model captures the measured effect of the tape thickness and312

fibre stiffness on the strength of TBDCs, but predicts higher strength values when compared to those313

measured experimentally, for all cases. This is due to the intrinsic variability of the TBDC material314

system (where local weak spots govern failure of the material), which is not directly incorporated in315

the analytical model (as it considers quasi-isotropic equivalent laminates, see Figure 2a). However,316

the relative magnitude of the influence of the different tape properties in the predicted TBDC317

strength are in good agreement with the experimental results.318

4.2. Fracture surfaces319

The fracture surfaces of a representative specimen taken from each plate configuration are320

shown Figure 7. The fracture surfaces for the thin tape configurations (Figures 7a and 7b) show no321

evidence of tape pull-out, and a clear evidence of tape fracture. For the thicker tape configurations322

(Figures 7c and 7d), a mixture of tape pull-out and tape fracture was observed, reflecting the less323

efficient stress transfer that occurs for thicker tape configurations. The fracture surfaces of the324

thin tape configurations are remarkably different from those of the thick tapes, and reflect the325

predictions from the design stage drawn in Section 2.326

4.3. Comparison with other material systems327

Figure 8 compares micrographs of four different materials systems: Figures 8a and 8b are cross-328

sections of two commercially available TBDC materials systems [10, 42]; the microstructures of these329

materials are very irregular, with the carbon fibre tows presenting significant through-the-thickness330
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(a) Fracture surface of a HM-20-800 speci-
men.

(b) Fracture surface of a HM-20-1600 speci-
men.

(c) Fracture surface of a HM-100-800 speci-
men.

(d) Fracture surface of a UHM-100-800 speci-
men.

Figure 7: Fracture surfaces of specimens from the different plate configurations.

waviness and large resin rich regions. Figure 8c corresponds to a cross-section of a conventional331

continuous-fibre composite [43], with its conventional regular and well structured microstructure.332

Finally, Figures 8d and 8e show two different cross-sections of a HM-20-1600 specimen developed in333

this paper (these two were taken from two different cross sections a specimen); the microstructure334

of this material system presents a very little amount of tape waviness, and is visually more similar335

to the microstructure of the quasi-isotropic material system in Figure 8c, than to the commercially336

available TBDCs in Figures 8a and 8b.337

Table 5: Configurations of the different CFRP systems compared in Figure 9.

Material ID Material system description V f (%) Ref.

DCFP T700 carbon fibre/epoxy, manufactured with modified DCFP 45 [29]

HexMC-M77 Carbon epoxy material system for compression moulding 57 [10]

AMC8593 PAN-based carbon epoxy material system (moulding compound) 47 [11]

APC-2/AS4 Carbon/PEEK CYTEC APC-2/AS4 material system 61 [30]

UT-CTT Ultra-thin (50 µm) carbon fibre/thermoplastic system 55 [4]

AS4 8552 Continuous fibre quasi-isotropic laminate 60 [31]

UHM-100-800 Thin (100 µm) and UHM carbon fibre/epoxy system 54

HM-20-1600 Ultra-thin (20 µm) and HM carbon fibre/epoxy system 46
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1.00 mm

(a) HexMC-M77 [10] specimen.

1.00 mm

(b) SMC [42] specimen.

0.20 mm

(c) Quasi-isotropic continuous-fibre specimen [43].

0.10	mm
0.02	mm

(d) First micrograph of a HM-20-1600 specimen.

0.10	mm

0.02	mm

(e) Second micrograph of a HM-20-1600 specimen.

Figure 8: Micrographs of cross-sections of different material systems.
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(a) Comparison between the stiffness of different
TBDCs.

(b) Ratio between the measured stiffness of the
TBDC and the respective fibre stiffness.

(c) Comparison between the strength of different
TBDCs.

(d) Ratio between the measured strength of the
TBDC and the respective fibre strength.

Figure 9: Comparison of the mechanical properties between the HM-20-1600 material proposed in this study,
and discontinuous material systems reported in the literature (specified in Table 5). The mechanical
properties of all materials have been linearly normalised to V f = 57% for comparison purposes.

The mechanical properties of the HM-20-1600 and UHM-100-800 configurations (which are the338

material systems that performed the best from the ones tested in this work) are compared to other339

carbon-fibre based material systems specified in Table 5; these include TBDC systems presented in340

the literature [4, 29, 30], the HexMC R©-M77 [10] and the AMC R© 8593 [11] commercially available341

TBDC material systems, and a widely-used aerospace-grade CF/epoxy continuous Quasi-Isotropic342

(QI) laminate. Figure 9a shows that the HM-20-1600 and UHM-100-800 materials system have343

significantly higher average stiffnesses when compared to all other TBDC material systems. In344

Figure 9c the HM-20-1600 material system turned out to be the one that presents the highest345

average strength of all TBDC-type materials.346

Figures 9b and 9d show how the ratio between the stiffness or strength of the TBDC and that347

of the fibre (ETBDC/E f and XTBDC/X f) differs for all material system. These results clearly show348
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Strength Stiffness

Figure 10: Comparison between the mechanical properties of the HM-20-1600 and UHM-100-800 configurations
and a continuous fibre QI laminate (specified in Table 5).

that the proposed HM-20-1600 configuration is the one that best exploits the fibre properties, due349

to enhanced stress transfer mechanism enabled by the ultra-thin and stiff tapes.350

The mechanical properties of the UHM-100-800 and HM-20-1600 configurations are compared to351

those of a widely-used aerospace-graded quasi-isotropic laminate of continuous fibres (AS4 8552 [31])352

in Figure 10. Remarkably, the strength of HM-20-1600 (with a fibre tensile strength of 4640353

MPa [39]) discontinuous material is practically the same as the one of the continuous fibre laminate354

(with a similar fibre tensile strength of 4619 MPa [44]). Moreover, due to the high modulus fibres355

used in both discontinuous configurations HM-20-1600 and UHM-100-800, the measured stiffness356

values are much higher than that of the AS4/8552 continuous fibre laminate.357

5. Discussion358

5.1. Effect of microstructure on mechanical properties359

This work shows that, using ultra-thin tapes, TBDCs with a more regular microstructure360

are achieved (compared to conventional TBDCs with conventional thickness tows), as shown in361

Figure 8d. This leads to improvements in stiffness (as previously suggested in the literature [3–5],362

and corroborated by the slightly higher Young’s modulus of the HM-20-800 material compared to363

the HM-100-800 in Figure 5a), as the tapes present less out-of-plane orientations, and hence lower364

reductions of in-plane stiffness due to tow/tape waviness [38]. For instance, Figure 3d suggests that365

using 20 µm tapes rather than 150 µm tows should lead to a 3.5 % improvement in the in-plane366

stiffness of a TBDC.367

Furthermore, this more regular microstructure is also less prone to weak spots within the material368

(such as resin pockets) which generally trigger premature failure, and hence also contributes to the369
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significant increase in the ultimate strength of the material (compare HM-20-800 with HM-100-800370

in Figure 5b). In addition to the effect on the material’s microstructure, the use of thin and stiff371

tapes also leads a more efficient stress transfer between the tapes, as it has been explained by the372

shear-lag models discussed in Section 2 (Eq. 3), and hence to a better exploitation of the mechanical373

properties of the fibres, as shown by the HM-20-1600 and UHM-100-800 configurations in Figure 5d.374

5.2. Improvement over existing materials375

5.2.1. Benchmark against other TBDCs376

The stiffness improvements achieved with the ultra-thin and stiff tape based TBDCs shown377

in Figure 9a are essentially due to the higher stiffness of the HM and UHM fibres (see Table 3),378

compared to standard modulus fibres. However, there is a small difference between the stiffness of379

the HM-20-800 and HM-100-800 plate configurations, with the later presenting lower stiffness values380

(see Figure 5a). This may be due to the more wavy disposition of the thicker tapes in comparison381

to the thinner tapes, leading to higher stiffness knock-downs [38], which is in agreement with the382

numerical predictions shown in Figure 3d.383

The average strength value of 600 MPa, obtained with the HM-20-1600 plate configuration (see384

Figure 5b), represents an increase of 100% when compared to the strength of the commercially385

available materials and of ≈ 20% when compared to the UT-CTT materials [4], which were the386

TBDC system with the highest strength previously reported in the literature. The enhancement of387

the stress-transfer mechanisms enabled by the use of ultra-thin and stiff tapes delays the on-set of388

tow pull-out (governed by toughness criterion, see Eq. 3) and promotes failure by tape fracture, as389

evidenced by the fracture surfaces of Figures 7a and 7b.390

Although the tape-based composites proposed in this paper have been only tested under tensile391

loading, the shear and compressive properties (stiffness and strength) are also expected to be392

higher than in conventional TBDCs, again due to the use of stiffer fibres and to the enhanced393

stress-transfer mechanism facilitated by the ultra-thin tapes. Moreover, compressive properties are394

expected to benefit even more from the more regular microstructure, with less pronounced out of395

plane orientations of the tapes, which will delay the onset of tow debonding and fibre kinking.396

5.2.2. Benchmark against continuous-fibre composites397

The comparison between the mechanical properties of the best proposed configurations (HM-398

20-1600 and UHM-100-800) against those of a continuous QI laminate in Figure 10, shows that it399

is possible to match the strength of a continuous fibre laminate and surpass its stiffness using a400

composite with a discontinuous microstructure.401
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While the two fibre-types used in the discontinuous HM-20-1600 composite and in the continuous402

AS4/8552 (respectively HS40 [39] and AS4 [44] are different, they have very similar single-fibre403

tensile strengths (around 4600 MPa). Therefore, the discontinuous HM-20-1600 is able to reach404

nearly the same strength as the AS4/8552 continuous composite not due to an improved fibre405

strength, but to an improved stress-transfer within the tapes. This improved stress-transfer has406

been facilitated by optimising the two microstructural parameters identified in Section 2.1: (i)407

the thickness of the tapes/plies (≈ 20 µm in the discontinuous composite, and ≈ 125 µm in the408

continuous composite), and (ii) the stiffness of the fibres (425 GPa in the discontinuous composite,409

and 231 GPa [44] in the continuous composite).410

The higher stiffnesses measured for the discontinuous composites (HM-20-1600 and UHM-100-411

800) compared to the continuous-fibre laminate (AS4/8552) are a direct result of using stiffer fibres412

in the former: the Young’s moduli of the HM and UHM fibres are 425 and 760 GPa respectively413

(Table 3), and the Young’s modulus of the AS4 fibres is 231 GPa. Nevertheless, one should note414

that the UHM fibres pose significant manufacturability challenges when used in a continuous-fibre415

composite, and that these challenges are alleviated in a discontinuous-fibre composite, as will be416

further discussed in the next section.417

Altogether, the results in Figure 10 highlight the great potential that this new class of high-418

performance discontinuous composites offer, as they are able to bridge the gap in mechanical419

properties that typically exists between continuous and discontinuous fibre composites, while still420

retaining the advantages of design flexibility and manufacturability of discontinuous composites, as421

discussed in the next section.422

5.2.3. Design flexibility and manufacturability423

It has been suggested in the literature [3, 5] that the strength of TBDCs increases with plate424

thickness (for a constant tow thickness); this is corroborated by the slightly higher strength and425

failure strain of the HM-20-1600 configuration when compared to the HM-20-800 configuration (see426

Figures 5b, 5c and 5d). This effect can be explained by two factors: firstly, thicker specimens have427

a smaller fraction of tapes at the surface of the specimen, and these surface tapes cannot transfer428

stresses as effectively as those well-embedded in the through-the-thickness direction; secondly,429

thicker specimens have a larger average number of tapes in the through-the-thickness direction,430

which increases the homogeneity of mechanical properties in comparison with thinner specimens [38].431

Consequently, there is a limitation for the minimum thickness that can be accepted in components432

manufactured with TBDC systems with conventional tow thicknesses. This limitation can be433

relaxed significantly through the use of ultra-thin tapes, as shown by the results in Figures 5 and 9:434
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• Firstly, the mechanical properties of the plates manufactured with ultra-thin tapes were435

considerably higher than those of conventional TBDCs (see Figures 5 and 9), even though436

the plate thickness of the former was below 0.5 mm.437

• Secondly, the similar properties observed with the two HM-20-800 plates tested at different438

directions (see Figure 5) suggest that using ultra-thin tapes to make TBDCs enables the439

manufacture of shell-type structures with wall thicknesses lower than 0.2 mm, with in-plane440

isotropy.441

Consequently, TBDCs manufactured with ultra-thin tapes offer much more design flexibility than442

conventional TBDCs, and allow for production of shell-type structures with very thin walls (which443

is useful e.g. for body-in-white parts of cars).444

Figure 10 shows that TBDCs made of ultra-thin tapes of HM fibres combine (i) a similar445

strength and even higher stiffness than those of aerospace-graded composites with (ii) the improved446

manufacturability and design flexibility of a discontinuous and random microstructure. This concept447

has been proven in this work using a manual manufacturing method, but it could be realised at448

an industrial scale by creating SMC-type intermediate materials (similar to HexMC [10] and449

carbon-SMC [42]), but using ultra-thin (spread) tapes of (ultra-)high modulus fibres and fast-curing450

matrices; these intermediate materials could then be directly used in compression moulding, with451

several advantages over conventional continuous-fibre composites:452

• Allowing for the production of parts within a matter of minutes and out-of-the-autoclave,453

and with minimal manual work;454

• Allowing for the production of complex 3D geometries (rather than 2D shells) with local455

embedded reinforcements where they are needed most (rather than relying on ply-drops and456

bonded stiffeners, as often done with continuous-fibre composites).457

• Possibility of using UHM fibres - which are extremely stiff but very brittle - to manufacture458

parts/components with complex geometries; this is enabled by the discontinuous architecture459

of TBDCs which allow the fibres to flow during the manufacturing process, and is not easily460

achievable with continuous-fibre architectures due to the combination of limited drapeability461

and fibre brittleness.462

• Reducing significantly the amount of waste generated by material cut-offs.463
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6. Conclusions464

This work has successfully proposed, designed and demonstrated a pathway to increase the465

stiffness and ultimate tensile strength of tow-based discontinuous composites. The main conclusions466

are summarised below:467

• Quasi-isotropic TBDCs manufactured with ultra-thin (20 µm) and high-modulus (450 GPa)468

carbon-fibre tapes reached a tensile strength of 600 MPa and stiffness of 90 GPa. This469

represents a stiffness and strength increase of 100% when compared to commercially available470

TBDC materials, and of 20% when compared to the TBDC material system with the highest471

strength previously reported in the literature.472

• This work demonstrates that TBDCs manufactured using ultra-thin and high-modulus carbon-473

fibre tapes can reach the tensile strength of conventional aerospace-grade QI laminated CFRP,474

and overcome their stiffness.475

• The use of thin and stiff tapes in the manufacture of TBDCs leads to this significant476

improvement in mechanical properties by enhancing the stress transfer mechanisms within477

the material and suppressing matrix/interface dominated failure mechanisms. This allows for478

a better exploitation of the mechanical properties of the fibres, which has been demonstrated479

by the features of the fracture surfaces of these TBDCs, which were dominated by fibre-failure480

rather than by tape pull-out.481

• Test results suggest that there is a reduction in tensile strength for specimens with a small482

ratio between the specimen thickness and tape thickness. This indicates that TBDCs with483

ultra-thin tapes can be used to manufacture components with very thin walls, removing484

several design barriers and offering more design flexibility over conventional TBDCs (based485

on tows with conventional thicknesses).486

This work shows the potential of ultra-thin and stiff TBDCs as a high-performance and highly-487

manufacturable material, able to comply with the stiffness and strength requirements of primary488

structural applications and suitable for a wider range of part geometries and more automated489

manufacturing processes when compared to continuous-fibre composites. These materials can490

potentially change the way in which composite materials are used in several industries (automotive,491

aerospace, sport and others), and at the same time open the use of high-performance composite492

materials to new industries with different manufacturability constraints.493
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