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A B S T R A C T

Ultra-thin tow-based discontinuous composites are an emerging class of composite materials which can be used 
for high performance applications in a wide range of industries. They offer significant advantages compared to 
continuous composites, such as reduced waste material, enhanced formability and even increased mechanical 
properties. However, the properties of composite materials under compression are often a limiting factor in 
structural design. Measuring the compressive properties of composites is also non-trivial, as premature failures 
are occurring often with the existing testing standards. Finally, the compressive response of discontinuous 
composites is currently unclear as the existing studies are limited. This work presents a full experimental 
campaign on the characterization of the compressive response of ultra-thin tow-based discontinuous composites. 
A uniaxial test is initially employed which reveals instabilities, premature failures and large experimental scatter. 
Afterwards, a sandwich beam bending test is employed which allows to measure the compressive properties 
accurately with low variability. The compressive strains measured exceed 1 %, which is also the tensile limit for 
this material. The agreement between the tensile and compressive strength was investigated by using scanning 
electron microscopy which revealed that the damage was controlled by matrix deformation in the tow interfaces.

1. Introduction

Tow-Based Discontinuous Composites (TBDCs) are a new and 
emerging class of composite materials [1–4]. TBDCs are bio-inspired, 
mimicking materials found in nature such as nacre [5]. Utilising the 
Brick-and-Mortar (BaM) architecture of nacre and other similar mate
rials [6], TBDCs can achieve excellent mechanical properties, which are 
directly comparable to continuous composites [7,8], while also mini
mising the scrap and waste material and allowing to achieve complex 
shapes due to the enhanced forming capabilities. In addition, the 
random tape distribution of TBDCs allows to achieve in-plane isotropy 
while the use of ultra-thin tapes increases their mechanical properties by 
suppressing transverse cracking and delamination. This delays tape 
pull-out to higher strain levels [7,9,10].

The compressive strength of Carbon Fibre Reinforced Polymers 
(CFRPs) is a critical design parameter in high-performance applications. 

Typically, the compressive strength of unidirectional continuous CFRPs 
is lower compared to their tensile strength as the failure is governed by 
the matrix [11]. In addition, the compressive strength of continuous 
CFRPs is governed by instabilities across different scales. At a micro 
level, fibres may fail due to the instability of the graphite crystallites 
[12] while at a meso level, instabilities lead to micro-buckling and 
kinking [13]. Finally at a macro level the instabilities can lead to global 
buckling of the specimen. It is worth noting that these levels are inter
connected and instabilities at fibre level can lead to kink bands which is 
a common global damage mechanism. These instabilities can be trig
gered due to material and geometrical non-linearities [14].

In addition, these instabilities can be exacerbated by standard 
compressive testing methods. Uniaxial compressive tests (such as ASTM 
D3410 [15]) utilise long end tabs and short gauge lengths to minimise 
instabilities. However, there is also a strong interaction between shear 
and compression [16] and the high stress concentrations in the gripping 
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areas [17] can lead to premature failures. A different approach to 
measuring the compressive properties of CFRPs is the use of flexural 
bending tests. Flexural tests avoid specimen misalignments and high 
stress concentrations at the loading points. In addition, pin-ended 
buckling tests can completely eliminate stress concentrations, produce 
consistently high compressive strains but require more complex exper
imental setups [18]. However, the strain gradient through the thickness 
of the bending specimens inhibits the compressive damage and can 
exaggerate the apparent compressive properties of CFRPs.

Yokozeki et al. [19] evaluated the non-linear compressive properties 
of unidirectional CFRPs using a modified sandwich beam specimen 
under flexure and the authors achieved a 31 % percent increase of the 
compressive strength when compared to coupon based uniaxial strength 
measurements [20]. Recently, Wu and Wisnom [21] developed a 
four-point Sandwich Beam Bending (SBB) specimen which was used to 
accurately measure the compressive strain of unidirectional CFRP 
specimens. The test method was based on ASTM D5467 [22] and led to 
consistent compressive failure in the gauge section with low experi
mental scatter. The authors also demonstrated that, for sufficiently thick 
beams, the strain gradient effect was minimal.

Feraboli et al. [23] evaluated the compressive properties of TBDCs 
made from thick tapes (0.125 mm). The authors reported an elastic 
modulus in the region of 45–55 GPa with high experimental scatter 
while the compressive strength achieved was about 250 MPa. It is worth 
noting that the modulus was similar in tension and compression but the 
strength under compression was higher. A similar trend was reported by 
Selezneva and Lessard [24] who also used thick tapes (0.140 mm) for the 
TBDCs manufactured. Martulli et al. [25] also performed uniaxial 
compressive testing on SMC-based TBDC specimens (0.115 mm tow 
thickness) and observed higher strength under compression than ten
sion. However, in these studies the strength under both tension and 
compression is significantly lower (below 300 MPa) than in conven
tional continuous Quasi-Isotropic (QI) laminates.

It was demonstrated in the past that the tensile strength of ultra-thin 
TBDCs can outperform conventional QI composites and reach values 
above 650 MPa [7]. The higher strengths reached in that study were 
related to the use of ultra-thin tapes for the manufacturing of the TBDCs 
and the damage was caused by tape pull-out and was controlled by the 
shear deformation of the matrix. It is hypothesised that, due to the 
complex micro-architecture of the ultra-thin TBDCs, their compressive 
failure will also be governed by the resin fracture mechanism at the tow 
interfaces. This is motivated by the potential suppression of fibre 
micro-buckling in the material, inherent to the minimal fibre undulation 
and limited through-thickness extension of any fibre misaligned “defect 
zone” in the material [26]. Therefore, it is also hypothesised that the 
compressive strength of the ultra-thin TBDCs may be closer to their 
tensile strength. However, a study on the compressive properties of high 
strength, ultra-thin TBDCs is currently lacking.

This paper explores for the first time the compressive properties of 
ultra-thin TBDCs by performing two different sets of tests. The first test 
was based on uniaxial compression following ASTM D3410 while the 
second one was based on the sandwich beam bending method proposed 
by Wu and Wisnom [21]. In addition, two different geometries for the 
sandwich beam bending test were considered. The two different sets of 
tests revealed the effect of instabilities and highlighted the importance 
of the test method in obtaining consistent and repeatable results. The 
damage and fracture were characterised using optical microscopy and 
fractography while the experimental results were validated by 
comparing with analytical methods. The measurements from the sand
wich beam bending test revealed strains exceeding 1 % thus highlighting 
the high-performance potential of ultra-thin TBDCs. This is the first time 
that the compressive properties of ultra-thin TBDCs were measured, and 
the presented results exceed overwhelmingly other values reported in 
the literature for discontinuous composites. These findings highlight the 
potential of using ultra-thin TBDCs in high-performance applications.

2. Methodology

2.1. Plate manufacturing

Two ultra-thin TBDC panels were manufactured for the two types of 
compressive tests. Details of the panel manufacturing can be found in 
earlier publications by the authors [7,8] but a summary is also provided 
here. The panels had dimensions 300 × 300 mm and their thickness was 
1 mm. The PyrofilTM MR70 12 P carbon fibre from Mitsubishi Chemical 
Carbon Fiber and Composites was used for the TeXtreme tapes which 
were manufactured by Oxeon AB with their spread tow technology. This 
resulted in ultra-thin tapes with dimensions 40 mm (length) x 20 mm 
(width) and a nominal thickness of 21.4 μm. An automated tape place
ment method was utilised to ensure the random orientation and position 
of each tape which was critical in to ensure the quasi-isotropic response 
of the specimens. Once the preforms were made, they were then cured at 
high pressures (20 bar) with press moulding. It is worth noting that 
before the random placement, the tapes were partially impregnated 
which combined with the high moulding pressure allowed to minimise 
the resin pockets, increase the fibre volume fraction, and achieve higher 
mechanical properties. Fig. 1 shows a characteristic panel and a 
cross-section of the ultra-thin TBDC material.

2.2. Uniaxial testing

The uniaxial compressive testing followed the guidelines of ASTM 
D3410 [15] and utilised the IITRI Compression Test Fixture. The spec
imen dimensions were 140 × 10 mm while the end tabs were 65 mm 
long on each side, leaving a 10 mm long test area. The dimensions of the 
end tabs were determined to keep the gauge length short enough to 
prevent Euler buckling. For strain measurements, a stereo DIC system on 
the front side of the specimen. The use of two cameras allows to resolve 
out-of-plane displacements and could therefore identify buckling. A 
total of six specimens were tested at a universal loading machine with a 
load cell of 100 kN. The speed of the test was 0.6 mm/min which led to 
specimen failure within 5–10 min. Fig. 2 shows a sketch of the specimens 
and a characteristic specimen before testing.

2.3. Sandwich beam bending (SBB) testing

The SBB testing followed the design guidelines found in Ref. [21] and 
was also based on ASTM D5467 [22]. Due to TBDC panel manufacturing 
limitation, the maximum length of the SBB specimen was 300 mm. 
Therefore, the first design of the SBB (referred as short SBB from now on) 
can be seen in Fig. 3a. The SBB specimen consists of the TBDC top skin 
(1 mm thick), a PMMA core (18 mm thick), and a UD IM7/8552 car
bon/epoxy bottom skin (1 mm thick). It is worth noting that in the past, 
the authors used a wood core for similar tests. However, wood displayed 
variability, and some specimens failed due to splitting in the core. 
Therefore, the PMMA material was selected as it was easier to obtain in 
the required dimensions without the additional requirement for 
machining. The width of all specimens was 15 mm. The three layers of 
the SBB specimen were adhesively bonded with Araldite 2022–1 [27]. 
Before bonding, the PMMA was sandblasted, and the composite surfaces 
were sanded. Finally, all surfaces were degreased using isopropanol. 
Uniform pressure was applied during the curing of the adhesive to 
ensure thin and uniform thickness in the bondlines.

The specimens tested in Ref. [21] were significantly longer 
(450–1250 mm) which allowed to reduce the shear stresses in the core. 
Therefore, to minimise shear in the core, it was decided to develop a 
second design for the SBB specimen, which uses a longer support span. 
To manufacture these specimens, TBDC extension skins were used, 
which were adhesively bonded to the ends of the main top skin. Patches 
were also used to ensure proper stress transfer between the main top skin 
and the extensions. This longer span increases the ratio between the 
maximum stresses in the skins and those in the core, without affecting 
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the accuracy of measured compressive strains in the TBDC skins within 
the loading pins. The detailed design of the second SBB specimens can be 
found in Fig. 3b.

The load span was 40 mm, the load was applied with 25 mm diam
eter loading noses at a constant rate of 2 mm/min. Rubber pads were 
used to avoid hard contact between the loading noses and the top skin of 
the SBB specimens. A universal loading machine was used for the testing 
and the load-displacement curves were recorded. Finally, Vishay linear 
strain gauges were positioned in the central parts of the top and bottom 
skins to capture the tensile and compressive strains. A minimum of five 
specimens were tested for each configuration and Fig. 4 shows the 
experimental setup. Table 1 shows the material properties of the SBB 
specimens which were used for the analytical strain calculations and the 
specimen design.

2.4. SEM analysis

SEM analysis was used to characterise the damage of the SBB spec
imens. Characteristic surfaces were obtained from the SBB specimens 
after failure. The specimens, with approximate dimensions 10 × 10 mm, 
were extracted by opening delaminated specimens post fracture and 
ensuring that no damage was introduced during the handling of the 
specimens. All surfaces examined were found in the central parts of the 
specimens (between the loading noses) and close to the locations of 
fracture. The specimens were coated with a thin layer of gold and a JEOL 
7800 F prime was used for the SEM analysis. The acceleration voltage 
was 5 kV and the magnification levels were ranging between ×100 and 
x5000.

3. Results

3.1. Uniaxial testing

Fig. 5a shows the full-field out-of-plane displacement and Fig. 5b 
shows the in-plane longitudinal strain evolution with increasing load in 
one of the tested specimens. Resolving the full-field strain was rather 
complex due to the limited space and the size of the testing fixture. 
Therefore, the quality of the DIC images was poor for some specimens. 

Fig. 1. a) Typical manufactured ultra-thin TBDC panel and b) characteristic cross-section showing the complex micro-architecture.

Fig. 2. Uniaxial compressive testing specimen geometry.
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However, the DIC analysis could still reveal significant out-of-plane 
displacement and rotation in the specimens. This was not only high
lighted by the magnitude of the out-of-plane displacements but also by 
the non-uniform in-plane strain fields in the loading direction caused by 

bending.
Fig. 6a shows the stress-strain response for all six specimens tested. 

The stress was calculated by dividing the force over the area of the cross- 
section of each specimen while digital linear extensometers were used in 
the central parts of the specimens to extract the compressive strain. The 
red line in Fig. 6a corresponds to the tensile stiffness (70 GPa) of the 
TBDC specimens as obtained by tensile testing [7]. In addition, Fig. 6b 
performs a bending check by pointing out the specimens for which the 
strain deviated by more than 10 % from the theoretical value. It is 
evident from Fig. 6a and b that three specimens have an approximately 
linear response and good agreement with the tensile stiffness while three 
specimens develop a strongly non-linear response, which is a clear 
indication of material eccentricity leading to bending and premature 
failures. For the specimens with the stiff response, some slight 
non-linearities can be observed before final failure. The other three 
specimens with the highly non-linear response were excluded from the 
analysis. The variability in the experimental results is related to the 

Fig. 3. SBB specimen geometry for the a) short and b) long configuration (not to scale).

Fig. 4. Experimental setup for the SBB testing (short SBB configuration shown).

Table 1 
Material properties for the SBB specimens.

Material Longitudinal modulus (GPa)

TBDC [7] 70
UD IM7/8552 [28] 164
PMMA [29] 3.2
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sensitivity of the test setup to instabilities (for instance due to small 
variation in the thickness of the specimens) and the nature of TBDC 
materials which have more scatter than typical laminates due to the 
random tape orientation. Table 2 summarises the experimental results 
from the uniaxial testing and compares them with the tensile properties 
obtained in Ref. [7].

It is worth noting that the compressive stiffness is comparable to the 
tensile stiffness while the strength and strain to failure reached about 80 
% of the tensile response. However, careful analysis of the DIC data and 
visual inspection of the failed specimens suggest that all specimens 
suffered from premature failures. For instance, Fig. 7 shows a charac
teristic specimen after failure. The local compressive failure led to 
delamination which created a “macroscopic kink band” (with kinking at 
the tape scale) and the evident misalignment in the specimen. It was not 
possible to obtain fracture surfaces from the internal tapes of the spec
imen without causing further damage to the specimens and therefore 
SEM analysis was not conducted. The experimental results from the 
uniaxial testing show that the full compressive strength was not reached 
and justify the development of the second set of tests using the SBB 
specimens.

3.2. Sandwich beam bending testing

Fig. 8 plots the load-strain response of the short and long SBB spec
imens. The strain gauge of the top skin measures the compressive strain 
in the TBDC (negative strains in Fig. 8) while the strain gauge on the 
bottom skin measures the tensile strain the UD composite (positive 
strains in Fig. 8). The bottom skin measurement is used to validate that 
the sandwich beam works as designed. In addition, the response of the 
sandwich beam was predicted analytically (using simple beam theory 
for sandwich structures) based on the material properties found in 

Table 1. The analytical predictions were initially used to design the 
specimen geometry and later to validate the specimen response during 
testing. These analytical predictions are also included in Fig. 8.

The tensile strain for both the short and long specimens followed a 
linear response while the compressive strain in the TBDC skin displayed 
some non-linearities (consistent with compressive loading), especially 
for the short configuration which also led to higher loads. These non- 
linearities were not predicted by the analytical solution [30] which 
assumed perfectly elastic behaviour for all materials.

All specimens failed in the gauge section due to compressive failure 
and the compressive strains recorded in the TBDC top skin were 
significantly higher compared to the strains recorded during uniaxial 
compressive testing. Table 3 summarises the compressive strains 
measured. The short SBB specimens achieved slightly higher strains 
compared to the long ones, but the differences were within the experi
mental scatter. The compressive strains achieved, reached and even 
exceeded in some cases the tensile strain-to-failure of the ultra-thin 
TBDCs.

In addition, the compressive strains reached with the SBB specimens 
exceeded by about 20 % the compressive strains recorded during uni
axial testing. Similar increases in compressive strength of unidirectional 
CFRPs have been reported by other authors who have tested both under 
uniaxial and flexural compression, e.g. Ref. [19]. Higher results are 
sometimes obtained in bending due to the strain gradient, which was 
avoided in the present tests by using a 20 mm deep sandwich specimen. 
It is worth noting that, with the current setup, the compressive stress 
cannot be measured directly. However, the strength was estimated 
assuming that the elastic modulus of the TBDC material is equal under 
tension and compression. This assumption is motivated by the obser
vations made during the uniaxial compressive testing.

Fig. 5. Full-field a) out-of-plane displacement and b) in-plane longitudinal strain distribution in a characteristic uniaxial testing specimen with increasing load. The x 
direction is the in-plane direction along the width, while the y direction is the in-plane direction along the length (loading direction).
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3.2.1. Damage characterisation
Fig. 9 shows characteristic damage in the short and long SBB speci

mens. There was no debonding between the core and the top/bottom 
skins and no damage observed in these interfaces. Also, the areas where 
patches were used for the top skin beam extensions did not show any 
signs of damage. All specimens failed in the gauge section of the top skin 
(Fig. 9a) and no damage was observed in the PMMA core or the UD 
bottom skin. For some specimens the damage extended to the load 
application points and some delaminations within the TBDC were 
observed (Fig. 9b). However, the most common failure mode was clean 

single translaminar cracks in the top side of the TBDC skin at angles of 
about 15–45◦ to the normal to the loading direction (Fig. 9c). These 
observations are consistent with the damage observed in Ref. [21] for 
UD composites, and also in Ref. [17] for quasi-isotropic laminates; the 
lower range of angles observed here is consistent with typical kink-band 
angles reported for load-aligned plies, while the higher range is 
consistent with splitting of angle-plies, suggesting that the micro
mechanical damage mechanisms in TBDCs are influenced by the local 
orientation of the tows.

The measured compressive strains, which were equal or even 
exceeded the measured tensile strains, along with the macroscopic ob
servations show that the specimens reached their compressive strength 
and did not fail prematurely. However, the fracture mechanism 
remained unclear, and SEM was utilised to study the fracture surfaces in 
more detail. Fig. 10 shows a general overview (Fig. 10a and d at ×500 
magnification) of a characteristic fracture surface (from the areas close 
to the translaminar cracks) from the short (left) and long (right) SBB 
specimens. The general overview revealed the presence of shear cusps 
and fibre imprints which are consistent with matrix deformation at the 
tape interface level leading to tape shear-out. The tape shear-out is 
practically identical to the tape pull-out observed to occur during the 
static and fatigue tensile testing of the ultra-thin TBDCs [7,8].

However, Fig. 10 also revealed one additional feature that had not 
been observed in TBDC testing before. Large cracks, almost perpendic
ular to the fibre direction, extending through the width of the tapes were 
detected (Fig. 10a and d). Such cracks were observed in the literature for 
continuous composites and were described as gouges or ribs which 
typically occur at multidirectional interfaces [31]. The gouges are 
associated with shear fracture of the inter-ply (or in this context 
inter-tape) resin layer and typically form before the shear cusps develop, 

Fig. 6. a) Stress-strain response for the uniaxial testing specimens and b) 
bending check for all 6 specimens. The red line represents the tensile stiffness as 
measured in Ref. [7]. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.)

Table 2 
Summary of the experimental results of the uniaxial testing specimens and 
comparison with the tensile data obtained in [7].

Testing Strength (MPa) Strain-to-failure (%)

Tension [7] 674 ± 49 0.96 ± 0.10
Compression (linear response) − 552 ± 55 − 0.79 ± 0.08
Compression (all specimens) − 476 ± 88 − 0.87 ± 0.10

Fig. 7. Macroscopic view of a uniaxial testing specimen highlighting the a) 
misalignment developed due to buckling and b) the “macroscopic kind band”.
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which follow later as the delamination progresses. It should be noted 
that the gouges and the cusps are an effect of the same damage mech
anism which is connected to tape shear-out due to deformation of the 
matrix at the tape interfaces. Fig. 10b–e shows a more detailed view of 
these cracks, and the discontinuities caused in the tapes. Additional 
matrix deformation can also be observed through the thickness of the 
gouges (Fig. 10c and f). The gouges were present in both the long and the 
short SBB specimens. However, it is worth noting that these features 
were more pronounced in the long SBB specimens as they were denser 
(Fig. 10a and c).

The tape shear-out highlights that the interfaces between the tapes 

are relatively weak. More specifically, mode II fracture toughness was 
measured in previous publications [7] and the average value was around 
500 J/m2 which is relatively low for the matrix systems typically used in 
high-performance composites. However, the low values of mode II 
fracture toughness are connected to the use of ultra-thin tapes, as there is 
not enough space for the resin to deform and dissipate more energy 
during fracture. Finally, it must be highlighted that there is no conclu
sive evidence regarding the sequence of damage (tape shear-out and 
translaminar cracks).

4. Discussion

In a previous publication [7], the authors developed an analytical 
framework which could predict the stiffness and strength of ultra-thin 
TBDCs under uniaxial tensile loading. There, three competing damage 
mechanisms were identified which related to longitudinal tape fracture, 
transverse tape fracture and tape pull-out. It was also shown that for this 
material system, tape pull-out was the most dominant damage mecha
nism. Under compressive loading, three damage mechanisms are also 
expected to compete. Firstly, the thin tapes can fail by fibre 
micro-buckling, i.e. kink-band formation. Secondly, the tapes can break 
transversely from the high compression load and finally, the tapes can 
fail by shearing-out (i.e. sliding against each other).

Fig. 8. Load strain response for the a) short and b) long SBB specimens, 
measured on the top TBDC skin (negative values) and at the bottom UD skin 
(positive values).

Table 3 
Summary of the experimental results from the SBB testing and comparison with 
uniaxial compressive and tensile testing.

Testing Strain-to-failure (%) Strength (MPa)

SBB short − 1.05 ± 0.08 − 735 (estimated)
SBB long − 0.96 ± 0.10 − 674 (estimated)
Uniaxial compression − 0.79 ± 0.08 − 552
Uniaxial tension 0.96 ± 0.10 674

Fig. 9. Macroscopic failure for the SBB specimens highlighting a) the damage 
in the gauge section, b) the delaminations within the TBDC microstructure and 
c) the translaminar cracks forming in the TBDC top skin.
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The SEM observations described in section 3.2.1 show that the 
compressive damage of the ultra-thin TBDCs was not controlled by in
stabilities and fibre kinking or transverse tape fracture but by matrix 
deformation at the tape interfaces. Therefore, the predictive tool 
developed for the tensile response of the ultra-thin TBDCs is expected to 
be valid under compressive loads as well. As a result, the compressive 
strain-to-failure of the ultra-thin TBDCs can be expressed as 

εcompr =
1
Ex

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2Etape(θ)GIIc

ttape

√

(1) 

In equation (1), Ex is the in-plane modulus of the composite, Etape(θ) is the 

tape modulus as a function of the angle, GIIc is the mode II interfacial 
fracture toughness and ttape is the thickness of the tapes. The in-plane 
modulus can be calculated using the Equivalent Laminate (EL) theory 
[32] assuming an equivalent quasi-isotropic laminate with 8 total plies 
[0,45,-45,90]s, while the tape modulus was calculated as a function of 
the tape angle and the elastic constants of the tapes. The in-plane 
modulus estimated using the EL theory also had excellent agreement 
with the experimental measurements during tensile testing [7]. Finally, 
the mode II interfacial fracture toughness was measured experimentally. 
Details for all calculations and measurements can be found in Katsivalis 
et al. [7].

Based on Equation (1), the predicted maximum compressive strain 

Fig. 10. SEM analysis on the TBDC top skin of the SBB specimen across different scales (x500, ×2000 and ×5000 magnification). The left side shows the short SBB 
fracture surfaces while the right side shows the long SBB fracture surfaces.
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was 0.87 % which is about 10 % lower compared to the measured values 
during the SBB test. The differences between the experimental and 
analytical methods could be connected to small differences in the fibre 
volume fractions which would influence the elastic constants in the 
laminates but also variations in the interlaminar shear fracture tough
ness. As shown in Equation (1), elevated values of mode II fracture 
toughness could increase the value of the shear-out strain significantly 
and thus activate competing damage mechanisms such as fibre kinking 
or fibre shear fracture. However, such observations were not made for 
this material system highlighting the beneficial effect of the ultra-thin 
tapes and the TBDC microstructure.

The compressive strains achieved with the SBB specimens reached or 
even exceeded the tensile response of the ultra-thin TBDCs. Similar 
observations were made in the past by authors working on TBDCs [2,23,
24]. In these studies, it was concluded that the agreement between 
tensile and compressive strength is a result of the weaker tensile 
response. In fact, the tensile and compressive strengths reported in these 
studies did not exceed 300 MPa. In our study, the ultra-thin TBDCs are 
high-performance and reached a strength of about 700 MPa. The reason 
for the agreement between the tensile and the compressive strength is 
related to the TBDC microarchitecture which leads to similar damage 
mechanisms. More specifically, the ultra-thin tapes practically eliminate 
longitudinal and transverse tape fractures and instabilities but promote 
tape pull-out and shear-out at higher strain levels.

The results displayed in this study for the ultra-thin TBDCs are 
directly comparable and in some cases even exceed the compressive 
strength reported in the literature for ordinary QI laminates [17,33–36]. 
The improved mechanical response combined with the increased man
ufacturability, the improved forming capabilities and the minimised 
scrap and waste material highlight the superiority of well-designed ul
tra-thin TBDCs when compared to conventional QI laminates.

5. Conclusions

An experimental campaign consisting of two different test setups was 
conducted to extract the properties of ultra-thin TBDCs under 
compressive loading. The first test setup was based on uniaxial testing 
while the second test setup was based on a sandwich beam bending 
specimen. The compressive damage was studied using SEM images 
while an analytical model was used which provided insights into the 
performance of the SBB specimens.

The uniaxial testing of the TBDCs led to bending and premature 
failures in all specimens. More specifically, three specimens displayed an 
initially linear stress-strain response (following the tensile stiffness of 
the ultra-thin TBDCs) before failing at about 80 % of the tensile strength 
of the material. The remaining three specimens displayed highly non- 
linear response even at low loads. Analysis of the failed specimens 
showed clear misalignments and the forming of macroscopic kink bands. 
This highlights the limitations of uniaxial testing for high-performance 
ultra-thin TBDCs.

The SBB testing allowed to explore the full potential of TBDCs under 
compressive loading. More specifically, the compressive strains 
measured during the SBB tests reached (long SBB) or exceeded (short 
SBB) the tensile strain-to-failure of the ultra-thin TBDC material. The 
compressive strain-to-failure measured during the SBB testing exceeded 
1 % which was an about 20 % increase compared to the values recorded 
during uniaxial compression.

The elevated compressive properties are a result of the TBDC micro- 
structure which meant that failure did not occur due to instability 
development. Instead, the damage mechanism was controlled by matrix 
deformation in the tow interfaces which eventually led to tape shear- 
out. This was confirmed by two distinct damage features in the SEM 
analysis, the presence of shear cusps and gouges. These findings were 
similar to the damage mechanisms under uniaxial loading and thus 
explain the close agreement between the tensile and compressive 
properties. Therefore, the analytical approach developed for the 

prediction of uniaxial tensile strength was considered to be valid under 
uniaxial compression and underpredicted the compressive strain-to- 
failure by about 10 %.

The compressive strength of composites has traditionally been very 
complex to measure accurately but also a limiting parameter in the 
design of composite structures. This paper demonstrates that the SBB 
test produced consistent and repeatable compressive damage at high 
levels of strain. In addition, it was shown that the compressive strength 
of ultra-thin TBDCs is equal to their tensile strength and could even 
outperform conventional continuous QI laminates. It is evident that the 
contribution of this paper is not limited to addressing testing issues but 
provides an understanding in the complex performance of ultra-thin 
TBDCs under compressive loads by performing a detailed analysis of 
the observed damage and failure mechanisms. This highlights the po
tential of using ultra-thin TBDCs in demanding structural applications. 
An important step in building more confidence in this new material 
concept would be the development of accurate numerical methods for 
the stiffness and strength prediction of ultra-thin TBDCs. In addition, the 
experimental characterisation needs to be expanded to more complex 
load cases such as notched behaviour and performance under environ
mental exposure.
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