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A B S T R A C T   

In state-of-the-art tracking detectors, lightweight carbon composite structures support the pixel or micro-strip 
sensors and provide the main thermal path between the silicon and a network of metallic or plastic pipes con-
taining a cooling fluid. Despite the good results obtained with this design approach, the challenges associated 
with future high energy physics (HEP) experiments demand even lighter and more efficient technologies. In this 
regard, replacing the existing piping with a network of channels directly embedded in the composite laminates 
represents a promising solution to improve the thermal coupling, which also offers additional gains in terms of 
mass and thermo-elastic stability.While some research has been devoted to assessing the mechanical and thermal 
performance of such laminates, limited information about their resistance to internal pressure is currently 
available in the literature. This lack of data constitutes an important obstacle for the use of vascular networks in 
future HEP applications, which the present paper aims to address.Experimental methods were used to investigate 
the pressure resistance of channels embedded in carbon composite laminates. Modified poly (lactic) acid (PLA) 
preforms were embedded in carbon-fibre epoxy laminates. A post-cure vaporization technique removed the PLA, 
thus producing plates with longitudinal channels. Destructive tests were conducted to determine the burst 
pressure of the plates depending on the lay-up and the cross-section geometry of the channels. Both circular and 
oblong channels were evaluated, and various reinforcement techniques were explored to enhance the pressure 
resistance of the laminates. Micro-graphic examinations and X-ray micro-computed tomography were employed 
to gain a better understanding of the microstructure and the failure mechanisms of the plates.Plates with circular 
channels measuring 1.75 mm in diameter, embedded in [0/90/0]S laminates and reinforced with 2 mm lay 
length fuzzy carbon fibre over-braids, achieved burst pressures exceeding 45 MPa. This result, which is 
approximately an order of magnitude greater than that obtained for the equivalent non-reinforced laminates, 
demonstrates the enormous potential of this technology for future particle detectors.   

1. Introduction 

At the core of high energy physics (HEP) experiments such as those 
installed at CERN’s Large Hadron Collider (LHC), particle detectors 
probe the byproducts of the collisions between two particle beams which 
travel in opposite directions at close to the speed of light. Alternatively, 
the high-energy beam is directed to a fixed target to produce secondary 
particles for specific studies. In both cases, the detectors measure key 
characteristics of the particles created in the collisions (momentum, 
energy, mass) to identify their type [1]. 

Modern HEP experiments consist of multiple layers of sub-detectors, 
each conceived to look for specific properties or particular types of 
particles. Specifically, advanced silicon trackers rely on thousands of 
micro-strip and/or pixel sensors disposed in several layers to reconstruct 
the trajectory of electrically charged particles as they travel inside a 
strong magnetic field [2–4]. The arrangement of the sensors in the de-
tector volume is conceived to optimise the tracking efficiency, spatial 
resolution and coverage of particle tracks. Overlaps between adjacent 
sensors and layers ensure the hermeticity of the layout, guaranteeing a 
minimum number of hits for optimal track reconstruction. 
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Due to the high radiation levels in the vicinity of the interaction point 
where particles collide, the accumulated damage in the silicon sensors 
leads to higher leakage currents, which increase with the sustained 
fluence [5]. Active cooling is required to remove the heat generated in 
the sensors and readout electronics, mitigating these effects and pre-
venting undesirable consequences such as thermal runaway and 
annealing, thereby ensuring a good performance throughout the lifetime 
of the detector. 

Lightweight structures, often referred to as “local supports”, main-
tain the sensors in the correct positions within the detector volume. They 
are conceived to maximise the mechanical stability, but also play a 
crucial role in the thermal management of the pixel modules. To that 
end, their design incorporates plastic or metallic pipes to circulate a 
monophase or two-phase coolant [6,7] to extract the heat generated in 
the sensors and readout electronics. Examples of the local supports used 
in the ALICE ITS [4] and ATLAS Insertable B-layer [3] are shown in 
Fig. 1a–c and Fig. 1b–d respectively. 

The properties of carbon composite materials make them particu-
larly well-suited for tracking applications. Their low density, high ra-
diation length, high stiffness-to-weight ratio and excellent thermal 
properties are ideal for the construction of local supports, where mate-
rial budget, mechanical stability and heat management are top design 
priorities [8]. They possess low coefficients of thermal expansion (CTE), 
which help minimising (i) the overall thermo-elastic deformations due 
to temperature excursions in the detector and (ii) the stresses transferred 
to the silicon sensors [9]. Whilst the through-thickness conductivity of 
carbon composites is naturally low, very thin laminates can provide an 
effective heat path between the silicon modules and the coolant inside 
the pipe network due to their excellent in-plane thermal properties, 
especially if pitch fibres such as K13D are used [10]. (It should be noted 
that most effective solutions to increase the through-thickness conduc-
tivity in composite laminates involve the addition metal fillers that are 
often incompatible with the activation constraints of HEP experiments 
[11].) Finally, carbon composites also exhibit satisfactory radiation 
hardness, enabling them to function effectively in the demanding 
environment of a tracker detector without experiencing substantial 
degradation in their mechanical or thermal properties [5,12,13]. It is 
worth noting that the degradation observed at higher radiation doses is 
predominantly influenced by the performance of the resin system [5], 
which can be tailored accordingly [13]. 

However, lighter and more efficient technologies are currently 
investigated [14] to meet the performance targets of future HEP ex-
periments. As the energies in colliders continue to rise, future tracker 
detectors will face the formidable task of handling increasingly higher 

particle fluxes and radiation doses [15]. Ongoing research is exploring 
the use of lower temperature coolants beyond two-phase CO2 [16], but 
establishing a more direct thermal path between the fluid and the silicon 
sensors will be crucial in mitigating radiation damage and ensuring the 
good performance of the detectors. In this regard, replacing the plastic 
and metallic pipes currently used in the local supports with a network of 
channels directly embedded in the composite laminates represents a 
promising solution to improve the thermal coupling [17] (see Fig. 2). 
Removing the pipes and the thermal glue layer which connects them to 
the rest of the local supports would result in a substantial decrease in the 
number of radiation lengths (X/X0), thereby enhancing the overall 
tracking performance [18]. Additionally, this solution would eliminate 
the CTE mismatch between the composite structure and the tubes, 
further improving the overall thermo-elastic stability of the detector. 

Among the different processes described in the literature to embed 
channels directly in carbon/epoxy laminated parts [17,19,20], the 
Vaporization of Sacrificial Component (VaSC) method [21,22] offers 
significant flexibility for network design. This technique utilises poly 
(lactic) acid (PLA) preforms as sacrificial material during the lamination 
process, which are subsequently removed in a post-cure treatment at 
200 ◦C to create the channels. Unlike standard PLA, the VaSC preforms 
undergo a pre-treatment involving the application of a metallic catalyst 
to enhance their thermal degradation [23–25]. Several processes for 
introducing the catalyst have been documented in the literature. A. P. 
Esser-Khan et al. [21] and H. Dong et al. [22] employed solvent swelling 
techniques, where the catalyst was dispersed in a trifluoroethanol 
(TFE)/water solution to impregnate the PLA fibres. In an improvement 
upon the previous method, J. F. Patrick et al. [26] utilized a solvent 
blending approach by sealing PLA pellets with dichloromethane. They 
also proposed a melt compounding method in which PLA pellets were 
heated and mixed before dispersing the catalyst. Recently, the 

Fig. 1. (a) Representation of the Insertable B-Layer of the ATLAS experiment with the local supports (staves) layout [3]. (b) Representation of the ALICE experiment 
Inner Tracking System (ITS) with the local supports layout [4]. (c) Cross-section of a stave from the Insertable B-Layer of the ATLAS detector [8]. (d) Stave rep-
resentation with its corresponding cross-section from the Inner Barrel of ALICE experiment [4]. 

Fig. 2. Representation of local support with metallic/plastic pipes and with 
channel directly generated inside the structure under an internal pressure 
(blue arrows). 
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vaporization of sacrificial fibers has been integrated with frontal poly-
merization technology to produce vascularized composites in a single 
step [27–29]. In the FP-VaSC process, the heat released during the 
curing of the host matrix system is utilized to depolymerize the 
embedded sacrificial preforms. These preforms are composed of poly 
(propylene carbonate) (PPC) modified with a photoacid generator. 
While the current technology readiness level of this approach is rela-
tively low, its potential for significant energy and time savings makes it a 
promising alternative to the traditional two-step VaSC for future 
applications. 

The thermo-mechanical response of carbon composite panels with 
vascular networks has been investigated by different research teams, 
primarily to experimentally assess their mechanical and thermal per-
formance under external loads. M. W. McElroy et al. [19] and S. C. 
Olugebefola et al. [30] focused on the thermal behaviour of this type of 
panels, showing their effective heat dissipation capabilities. A. M. 
Coppola [31] demonstrated that panels with embedded channels for 
circulating coolant can maintain their stiffness integrity even when 
subjected to high heat loads. A. Kousourakis and co-workers [32,33] 
investigated the influence of channel size and orientation on in-plane 
tensile and compressive properties, as well as interlaminar properties. 
They emphasized the existence of a critical channel size from which a 
decline in elastic properties and interlaminar shear strength decrease 
significantly. Furthermore, this effect is magnified when channels are 
oriented transversely to the load direction. M.-U. Saeed et al. [34] 
summarized the effects of transversal and longitudinal channels on 
various mechanical properties, including interlaminar shear strength, 
tensile and compressive moduli and strengths, impact damage and fa-
tigue resistance. Additionally, numerical models have been developed to 
simulate the response of composite laminates with embedded channels, 
as shown by Pety et al. [17]. 

This research, conducted within the framework of the CERN Stra-
tegic Programme on Technologies for Future Experiments, aimed to 
enhance our understanding of the mechanical performance of composite 
structures with embedded vascular networks. As the next generation of 
HEP experiments is likely to depend on high-pressure fluids for cooling, 
assessing the resistance of laminates to internal pressures becomes 
crucial. This work represents a new effort in systematically studying 
such unconventional load case. 

PLA preforms, modified with a chemical treatment to enhance their 
degradation characteristics, were employed in combination with a post- 
cure vaporization technique to manufacture plates featuring longitudi-
nal channels. A manufacturing method employing dedicated tooling was 
established to produce test specimens using different carbon materials, 
layups, channel cross section geometries and sizes. The samples were 
then tested experimentally to determine their burst pressure. The 
microstructure and the failure mechanisms were investigated using 
micro-graphs and X-ray micro-computed tomography. 

The effect of different reinforcement types, including carbon and 
aramid overbraids, on the burst pressure of the embedded channels was 
also investigated. Overbraiding and overwinding are used to suppress 
the formation of kink bands in pultruded rod based composites to 
improve performance under compression [35] and compression after 
impact [36]. The development of ‘fuzzy carbon’ overbraids, utilising a 
combination of short lay length and the natural brittle nature of carbon 
fibre, results in broken fibres extending into the matrix, increasing the 
fibre-matrix contact region and providing shear support to the braid 
[37]. It is expected that the aforementioned fuzzy feature will lead to 
increased pressure resistance. 

2. Materials 

2.1. Fibre-reinforced materials 

Test specimens were fabricated using both unidirectional (T800/ 
ER450, fibre areal weight 124 g/m2, resin content 36 %) and plain 

weave (T300/ER450, fibre areal weight 98 g/m2, resin content 42 %) 
carbon-epoxy prepreg from Composite Materials Italy (CIT). The 
different layups used in the laminates are summarized in Table 1. 

Two reinforcement methods were investigated to enhance the pres-
sure resistance of the laminates with embedded channels.  

• Method 1: In this approach, a ply of plain weave prepreg (T300/ 
ER450) or a layer of dry carbon fleece (Optivel® 20301A Carbon Veil 
8 g/m2, Suter Kunststoffe AG, Switzerland) is wrapped around the 
sacrificial PLA preform before integrating it into the laminate. The 
carbon fleece was combined with an additional layer of epoxy resin 
(ER450, 75 g/m2).  

• Method 2: The second technique involves constructing fibre over- 
braids around the PLA preform prior to the lamination process 
[35]. Three types of over-braids were developed at the University of 
Bristol using carbon fibre (1k T300, Toray) with lay-lengths of 2 mm 
and 8 mm, as well as aramid fibre (405dtex Teijin high elongation 
Twaron®) with a 2 mm lay-length. 

2.2. Sacrificial polylactic acid (PLA) preforms 

Sacrificial PLA preforms were incorporated into the laminates and 
subsequently vaporised to create the channels. Before their integration, 
the commercial PLA fibres (4043D translucent PLA fibres with a 1.75 
mm diameter supplied by NatureWorks) underwent a chemical treat-
ment to facilitate the vaporization process. This treatment was devel-
oped at CERN and involved a solution of water and trifluoroethanol 
(TFE), using zinc acetate as a catalyst. A saturated solution of zinc ac-
etate in water (430 g.L− 1) was prepared, and the necessary amount of 
TFE was added to achieve the desired ratio. The PLA fibres were 
immersed in this solution for 5 h and then dried at room temperature for 
24 h. 

A test campaign was conducted to evaluate the PLA solvent ab-
sorption depending on the treatment parameters. As illustrated in 
Fig. 3a., PLA rapidly absorbs water and TFE solution during the initial 
hours of soaking, with the rate of mass change gradually diminishing 
over time. It is also clear that a 30 % TFE solution results in a faster and 
greater mass uptake. Based on practical considerations, a 5-h immersion 
time in a 30 % TFE and water solution was chosen as the in-house 
reference treatment, with the mass of the PLA increasing approxi-
mately 40 % in this process. The results of the thermogravimetry anal-
ysis presented in Fig. 3b demonstrate the effectiveness of the treatment, 
which lowers the onset temperature of PLA degradation by 80 ◦C when 
compared to the as-received fibres (i.e. from 280 ◦C to 200 ◦C). Based on 
these findings, the carbon-epoxy laminates underwent a vacuum process 
at 200 ◦C to eliminate the preforms, leaving behind the desired empty 
channels. 

As depicted in Fig. 4, three types of PLA preform were employed to 
obtain different channel geometries: (a) Circular channels with a 
diameter of 1.75 mm (hydraulic diameter: DH = 1.75 mm), (b) oblong 
channels with a width of 3.5 mm (hydraulic diameter: DH ≈ 5.5 mm), 
and (c) oblong channels with a width of 5.25 mm (hydraulic diameter: 
DH ≈ 7.5 mm). For the oblong channels, two or three circular PLA fibres 
with a 1.75 mm diameter were combined to create the preforms. Specific 
moulds were developed to pre-shape these preforms in the oven (175 ◦C, 

Table 1 
Lay-ups and materials used in the laminates. In all cases, the PLA 
preform is positioned in the symmetry plane.  

Layup Material 

[0/90/0]s T800/ER450 UD 
[90/0/90]s T800/ER450 UD 
[0/90/90/0]s T800/ER450 UD 
[90/0/0/90]s T800/ER450 UD 
[±45/±45/±45]s T300/ER450 plain weave  
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60 min) with the help of a vacuum bag. Narrower, circular channels are 
expected to result in higher burst pressures, while oblong cross sections 
offer potential advantages in terms of hydraulic diameter, thereby 
reducing pressure drops in the cooling circuit without affecting the total 
thickness of the composite plates. The dimensions of the channels cho-
sen for this study align with those found in state-of-the-art silicon de-
tectors, which typically utilize metallic and plastic pipes with hydraulic 
diameters ranging from 0.5 mm to 2.5 mm [3,4,7,38,39]. 

3. Manufacturing laminates with embedded channels 

In this section, the various steps of the manufacturing process to 
obtain the final laminates with embedded channels are outlined. 

3.1. Ply collation, moulds, and curing 

Cross-ply and angle ply laminates were manufactured using T800/ 
ER450 unidirectional and T300/ER450 plain weave prepreg plies ac-
cording to the stacking sequences specified in Table 1. Aluminium 
moulds with machined grooves were used to facilitate the integration of 
PLA fibres on the laminates, which were placed on the mid-plane in all 
cases (see Fig. 5a–c.). It is important to underline that the longitudinal 
axis of the PLA preform corresponds to the fibre reference direction (i.e. 
0◦). As such, in [0/90/0]s and [0/90/90/0]s laminates the fibres in the 
first ply at either side of the mid-plane are parallel to the PLA preform, 
whilst in [90/0/90]s and [90/0/0/90]s laminates they are perpendicular. 
Fig. 6 clearly shows the consequences of these arrangements on the 
composite microstructure. All laminates were autoclave-cured accord-
ing to the cycle depicted in Fig. 7, which follows the recommendations 
of the prepreg manufacturer (2 h at 135 ◦C) [40]. 

Differential Scanning Calorimetry (DSC) measurements were con-
ducted on samples extracted from the laminates, which yielded a glass 
transition temperature (Tg) of 172 ± 8.25 ◦C and a degree of cure (α) of 
97 ± 0.25 %. Microscope imaging analysis was employed to determine 
the fibre volume fractions (Vf ) away from the PLA preform, resulting in 
Vf = 61 % for the 8-ply laminates and Vf = 59 % for the 6-ply laminates. 

3.2. Manufacturing of plates with manually reinforced channels 

To meet the pressure requirements of future HEP experiments, 
various local reinforcement techniques were developed to strengthen 
the final channels and enhance the pressure resistance of the laminates. 
As discussed in section 2, three types of reinforcements were studied, 
namely: carbon fleece, T300/ER450 carbon plain weave prepreg ply, 
and carbon or aramid over-braids. During the manufacturing process, a 
T300 carbon woven ply was wrapped around the PLA preform once (see 
Fig. 8a and Fig. 8b.). The carbon fleece was wrapped around the PLA 
twice, introducing an additional layer of ER450 resin film (see Fig. 8c.). 
In all cases, the reinforced PLA preforms were positioned on the lami-
nate mid-plane before the curing. 

3.3. Manufacturing of overbraided reinforcements 

The carbon and aramid over-braids were produced directly over the 
PLA at the Bristol Composite Institute, UK (Fig. 8d and e.). Overbraiding 
was carried out using a Herzog 1/16/80 circular maypole microbraider 
run at half capacity, using 8 tows evenly spaced in the braider rather 
than the full 16. This allows the material to braid around the 1.75 mm 
diameter PLA while minimising bunching at short lay length. A diamond 
interlacement pattern was produced, following the method of O’Keeffe 
et al. [41], with the PLA fed through the centre of the braider from 
below. Two lay lengths were used. 

Fig. 3. a) Change in mass of 1.75 mm diameter PLA fibres as a function of the 
soaking time in a TFE:water solution for two different TFE concentrations. (b) 
Thermogravimetry results comparing two types of PLA fibre: untreated (4043D 
PLA NatureWorks) and treated at CERN (in-house PLA). 

Fig. 4. Cross-section representation of three different channel shapes (i.e., PLA 
preforms) embedded within carbon/epoxy laminates: (a) Circular channel with 
a diameter of 1.75 mm, (b) oblong channels with 3.5 mm and 5.25 mm widths 
and 1.75 mm height. 
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a) 2 mm lay length, which can be used to produce the ‘fuzzy’ effect with 
T300 carbon. This was also used with High Elongation Twaron 
(aramid yarn).  

b) 8 mm lay length, with T300 carbon only, for comparison to the 2 mm 
lay length. 

For the oblong PLA samples, the 8 mm lay length T300 carbon fibre 
did not provide full coverage of the PLA therefore there are expected to 
be gaps in the reinforcement. 

The overbraided PLA was integrated into the test panels as detailed 
above (i.e., in the laminate mid-plane), with a length of braid protruding 
to minimise the risk of fraying during the manufacturing process (see 
Fig. 9). 

3.4. Creation of the channels: post-cure PLA vaporization step 

Once cured, all the plates were transferred to a vacuum oven, where 
they were exposed to a temperature of 200 ◦C for a period of 15 h to 
facilitate the complete degradation and removal of the PLA preforms. 
After the vaporization step, compressed air was flushed into the gener-
ated channels to remove any potential PLA residue. 

3.5. Quality control of the laminates with embedded channels 

To validate the manufacturing process and assess the quality of the 
channels, the final plates were examined using X-ray micro-computed 
tomography. Fig. 10 illustrates the results obtained for plates contain-
ing unreinforced circular and oblong channels. This analysis enabled the 
observation of well-preserved and uniform channels in plates up to 600 
mm in length, with minimal porosity. However, the microstructure 

Fig. 5. (a) Placement of the PLA preform during the lamination process. (b) PLA preform embedded in the carbon laminate before curing. (c) Schematic cross-section 
of the 6-ply carbon/epoxy laminates (shown in grey, with dashed lines representing the plies) with embedded channels obtained through the vaporization of the 
corresponding sacrificial PLA preforms. 

Fig. 6. (a) Microstructure of laminates with a 90◦/90◦ interface, revealing the presence of resin pockets around the channel. (b) Microstructure of laminates with a 
0◦/0◦ interface, exhibiting fibre migration towards the mid-plane. (c) Microstructure of T300 laminates with resin pockets in the vicinity of the channel. 

Fig. 7. Autoclave curing cycle used for the test specimens.  
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surrounding the channels was not clearly discernible due to limitations 
in the tomography technique. To overcome this limitation, additional 
micrographic examinations were conducted to gain further insights into 
the composite microstructure, particularly in the vicinity of the channels 
(see Fig. 6). 

3.6. Preparation of the test samples for pressure tests 

After the vaporization step, the composite plates were cut using a dry 
saw to obtain 140 mm long and 45 mm wide test samples. Stainless steel 
needles were inserted at the extremities of the embedded channels and 
bonded to the plates with a two-part epoxy adhesive (Araldite 2011). 
Aluminium or PEEK tubes were bonded to the needles to interface with 
single-ferrule fittings. 

Finally, one side of the samples was coated with a thin layer of white 
paint. Black speckles were deposited on the white background with a 
spray gun to create a high-contrast, random pattern. 

4. Experimental methods 

The samples were mounted on a dedicated test bench and clamped at 
both extremities. One side of the channel was connected to a manually 
operated, hydraulic pump (Fluke 700HTPK-2) with a water reservoir, 
while the opposite end was blocked with a closed valve. A sensor 
installed at the inlet (Fluke 700G) was used to measure the pressure in 
the circuit (see Fig. 11). The water pressure was gradually increased, 
ensuring quasi-static loading conditions. The burst pressure was deter-
mined by observing a sudden drop in the pressure sensor reading or 
upon visual detection of a leak. 

A Digital Image Correlation (DIC) system (Dantec Dynamics Q400) 
was used to monitor the strain field in the composite samples during the 
pressure tests. 

X-ray micro-computed tomography was performed using a Zeiss 
METROTOM 1500 CT scanner with a voxel size comprised between 7 μm 
and 45 μm, depending on shape control or crack path purposes. 

Fig. 8. (a) Woven ply wrapped around an oblong PLA preform. (b) PLA preform with a carbon woven reinforcement installed in the laminate. (c) PLA preform with 
carbon fleece reinforcement. (d) T300 carbon over-braid with 2 mm lay length. (e) Aramid braid. 

Fig. 9. Overbraided PLA with 2 mm lay length carbon fibres placed in the middle of the plate during lamination.  
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5. Tests results: pressure resistance of the laminates with 
embedded channels 

5.1. Microstructure considerations 

The microstructure at the vicinity of the channel is expected to play a 

key role in the failure process of the laminates. 
Near the channel, the microstructure of the laminates depends on the 

first ply at either side of the mid-plane. With 90◦ plies (referred as 90◦/ 
90◦ interface), resin pockets around the channels are clearly visible 
(refer to Fig. 6a.). In contrast, with 0◦ plies (referred as 0◦/0◦ interface) 
laminates show fibres migrating from the surrounding 0◦ plies towards 
the mid-plane (refer to Fig. 6b.). As for the T300 woven laminates, there 
is no evidence of fibre migration, resulting in the presence of resin 
pockets (refer to Fig. 6c.). The high bending stiffness about the longi-
tudinal axis of the preform prevents both the 90◦ and woven plies from 
perfectly conforming to the shape of the PLA, resulting in the creation of 
a volume around the channel which is primarily filled by resin. In 
laminates with a 0◦/0◦ interface, longitudinal fibres from the plies in 
contact with the preform are relatively free to move parallel to the PLA, 
so they are dragged towards the symmetry plane as the resin fills the 
volume surrounding the channel. 

5.2. Pressure tests on laminates with unreinforced channels 

Fig. 12a depicts the burst pressures obtained for laminates with 0◦/ 
0◦ and 90◦/90◦ interfaces. A minimum of three samples were tested for 
each channel geometry (see Section 2.2). Due to the scatter observed in 
the results obtained for both [90/0/90]s and [90/0/0/90]s laminates 
with 1.75 mm circular channels, additional samples were tested to in-
crease the statistics (twelve and ten samples respectively). Additional 
samples were required when the failure occurred in the connectors 
instead of the laminate. Fig. 12 only shows the results of burst pressures 
where the failure occurred in the laminates. 

In addition, Fig. 13 shows the out-of-plane displacement (i.e. 
perpendicular to the lamination plane as defined by the z-axis shown in 
Fig. 5c.) results measured with the DIC system for laminates with 1.75 
mm circular channels and both interfaces (i.e. 0◦/0◦ and 90◦/90◦). For 
each case, the values depicted in the graphs represent the average of the 
DIC data collected along the centre line of the channels, considering a 
35 mm region on either side of the midpoint of the sample (refer to 
Fig. 13b and d.). 

0◦/0◦ interface laminates. The results obtained for the samples with a 

Fig. 10. Cross-section views obtained in the micro-tomography analysis of plates with embedded circular and oblong channels.  

Fig. 11. (a) Hydraulic schematics of the experimental setup. (b) Test specimen 
with a random pattern for DIC installed in the test setup. 
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Fig. 12. (a) Average burst pressure results for unreinforced laminates with circular and oblong channels. (b) Average burst pressure results for reinforced laminates 
with carbon fleece and woven plies and 1.75 mm diameter circular channels. (c) Average burst pressure results for reinforced laminates with carbon fleece and woven 
plies and 5.25 mm wide oblong channels. (d) Average burst pressure results for reinforced and non-reinforced [0/90/0]s laminates with 1.75 mm circular and 5.25 
mm oblong. 
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0◦/0◦ interface exhibited low scatter, indicating good repeatability in 
the manufacturing process. As expected, the burst pressure values were 
higher for the 8-ply laminates compared to their 6-ply counterparts. The 
increase in burst pressure ranged from 55 % for circular channels to 75 
% for 5.25 mm wide oblong channels, as depicted in Fig. 14. Addition-
ally, the experimental findings revealed that the width of the channels 
plays a significant role in the pressure resistance of the laminate, with 
narrower channels yielding greater resistance. 

The DIC results depicted in Fig. 13a and b show higher deformations 
in the 6-ply laminates compared to the 8-ply laminates for the same 
applied pressure. This observation is consistent with the lower stiffness 
of the former. However, the out-of-plane displacement at the point of 
failure, estimated using the average burst pressures indicated in 
Fig. 12a. (5.04 MPa for 6-ply and 7.82 MPa for 8-ply laminates), was 
approximately the same in both cases, measuring around 4 μm. 

90◦/90◦ interface laminates. The burst pressure results for laminates 
with a 90◦/90◦ interface exhibited a larger scatter than those obtained 
for samples with a 0◦/0◦ interface regardless of the stack-up. This dif-
ference was particularly important for specimens with 1.75 mm diam-
eter, circular channels. In Fig. 12a., it is evident that the pressure 
resistance of 6-ply laminates decreases as the channels widen. This trend 
is also observed for oblong channels embedded in [90/0/0/90]s plates, 
where performance surpasses that of their 6-ply counterparts. Surpris-
ingly, the results for 8-ply specimens with 1.75 mm circular channels 
were inferior to both 3.75 mm wide oblong channels and 1.75 mm cir-
cular channels embedded in [90/0/0/90]s and [90/0/90]s laminates, 
respectively. Further investigations are required to understand the rea-
sons for this unexpected trend, which are not yet fully understood. 

As depicted in Fig. 13c and d., the average out-of-plane displace-
ments for 6-ply and 8-ply laminates with a 90◦/90◦ interface and a 1.75 
mm circular channel are relatively similar, although the thinner samples 
exhibited slightly larger deformations. The out-of-plane displacement at 
the point of failure, estimated using the average burst pressures indi-
cated in Fig. 12a. (6.97 MPa for [90/0/90]s and 4.89 MPa for 
[90/0/0/90]s) is approximately 2 μm and 1.5 μm for the 6-ply and 8-ply 
laminates respectively. However, since these values are within the res-
olution of the DIC system, it is difficult to draw conclusions from these 
results. Further investigations and complementary analysis will be 
necessary in future studies. 

T300 Plain weave laminates. The results of the T300 woven samples 
displayed a relatively low scatter, falling between the burst pressures 
obtained for the UD laminates with 0◦/0◦ and 90◦/90◦ interfaces. It is 
worth mentioning that resin pockets around the channels were observed 
in both the woven laminates and samples with a 90◦/90◦ interface (refer 
to Fig. 6a and c.). This indicates that the scatter observed in the burst 
pressure results of the latter cannot be solely attributed to these resin 
pockets. Instead, it is plausible that the 90◦ plies may be more prone to 
damage during the lamination process, particularly in the transition 
section between the channel and flat regions of the composite plates. 

5.3. Pressure resistance of laminates with reinforced channels 

Additional plies of carbon fleece or T300 woven prepreg as well as 

(caption on next column) 

Fig. 13. (a) Average out-of-plane displacement along the centre line of the 
channel as a function of the applied pressure extracted from DIC data for 
[0/90/0]s and [0/90/90/0]s laminates with 1.75 mm diameter circular chan-
nels. (b) Typical DIC out-of-plane displacement field obtained for a [0/90/0]s 
laminate with 1.75 mm diameter circular channel. (c) Average out-of-plane 
displacement along the centre line of the channel as a function of the applied 
pressure extracted from DIC data for [90/0/90]s and [90/0/0/90]s laminates 
with 1.75 mm diameter circular channels. (d) Example of DIC out-of-plane 
displacement field obtained for a [90/0/90]s laminate with 1.75 mm diameter 
circular channel. Only a 35 mm region on either side of the midpoint of the 
samples has been considered to compute the average out-of-plane 
displacements. 
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carbon and aramid over-braids were studied as potential reinforcements 
for the plates with circular and 5.25 mm wide oblong channels. Fig. 15 
show the typical micro-structure of the manually reinforced plates. The 
fleece and woven plies exhibited discontinuities in the overlap area, 
while the braids (see Fig. 16) conformed well to the shape of the PLA 
preforms, resulting in high-quality channels. Braids with shorter lay- 

lengths led to smoother channel cross-sections and a more uniform 
fibre distribution around the channel (refer to Fig. 16a–c., and 
Fig. 17a–c.). 

Laminates with carbon fleece and woven ply reinforcements. The 
burst pressure obtained with laminates reinforced with carbon fleece 
and woven plies are shown in Fig. 12b and c. In most cases, both ma-
terials enhanced the pressure resistance of the laminates. The carbon 
fleece had a limited impact on laminates with a circular channel and 
90◦/90◦ interface, but yielded gains ranging from 50 % to 120 % for all 
other configurations. The relatively modest enhancement can be partly 
attributed to the low fibre areal weight of carbon fleece used in this 
study. The woven plies, on the other hand, resulted in even greater 
improvements. For the circular channels, the pressure resistance 
increased by 60–90 %, and for the 5.25 mm wide oblong channels, it 
increased by 100–180 %. However, the lamination process for these 
samples posed some challenges, especially for the woven re-
inforcements. Manual wrapping of the plies around the circular PLA 
preforms led to defects around the channel, resulting in some scatter in 
the burst pressure results (see Fig. 15a.). Nevertheless, these tests 
demonstrated the feasibility of locally reinforcing the channel to 
enhance the pressure resistance of the laminates. 

Laminates with carbon and aramid over-braid reinforcements. For a 
meaningful comparison, the over-braids were only tested on samples 
with circular and 5.25 mm wide oblong channels and a [0/90/0]s stack- 
up, as this configuration exhibited the lowest scatter in the unreinforced 
form. While woven and fleece reinforcements proved effective, the gains 

Fig. 14. Increase in burst pressure obtained with non-reinforced [0/90/90/0]s 
laminates compared to the [0/90/0]s laminates. 

Fig. 15. Example micrographs of the laminates obtained with the carbon fleece and woven ply reinforcements manually wrapped around the PLA preforms. (a) 
Woven reinforcement in a 0◦/0◦ interface laminate with a 1.75 mm diameter circular channel. (b) Woven reinforcement in a 90◦/90◦ interface laminate with a 5.25 
mm wide oblong channel. (c) Fleece reinforcement in a 0◦/0◦ interface laminates with a 1.75 mm diameter circular channel. (d) Fleece reinforcement in a 90◦/90◦

interface laminate with a 5.25 mm wide oblong channel. 
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achieved with the braids were more substantial (see Fig. 12d.). Carbon 
braids with a 2 mm lay-length resulted in an approximate 1000 % in-
crease in the burst pressure of the laminates with circular channels. In 
comparison to the unreinforced configuration, carbon braids with an 8 
mm lay-length and aramid braids with a 2 mm lay-length enhanced the 
pressure resistance by 360 % and 520 % respectively for circular 

channels. These results indicate that shorter lay-lengths are beneficial 
for the pressure resistance, and carbon fibre over-braids offer a clear 
performance advantage over aramid counterparts. Similar trends were 
observed for the 5.25 mm wide oblong channels with the over-braids. In 
this case, carbon braids with a 2 mm lay-length exhibited a 500 % in-
crease in burst pressure compared to the unreinforced configuration, 
while the improvements obtained with the 8 mm carbon and 2 mm 
aramid braids were similar to those reported for the plates manually 
reinforced with an additional woven ply (see Fig. 12d.). 

5.4. Analysis of failure process 

After the pressure tests, the samples were examined using X-ray 
micro-computed tomography to assess the failure mode, paying special 
attention to identify the crack initiation point and the propagation path. 

Laminates with unreinforced channels. Fig. 18 presents the typical 
failure patterns obserikved in laminates with both a 0◦/0◦ interface 
(Fig. 18a and b.) and a 90◦/90◦ interface (Fig. 18c and d.). In all these 
cases, the crack initiates in the resin-rich region surrounding the chan-
nel. Subsequently, in the laminates with a 0◦/0◦ interface, it grows be-
tween the 0◦ and 90◦ plies. Conversely, in laminates with a 90◦/90◦

interface, the crack propagates along the mid-plane of the sample. As a 
result, a large delamination area is formed (see Fig. 18e.). 

Laminates with carbon fleece and woven ply reinforcements. The 
failure patterns observed in laminates with carbon fleece and woven 
plies (see Fig. 19a and Fig. 19b.) closely resemble those of the unrein-
forced samples. Crack initiation still occurs in the resin rich areas sur-
rounding the channels, albeit at higher internal pressures. The 
additional plies do not significantly affect the overall crack propagation 
path, partly due to the limitations associated with manual wrapping 
around the PLA preform, which leads to local imperfections in the re-
inforcements in this region (see Fig. 15a.). 

Laminates with carbon and aramid over-braid reinforcements. The 
laminates incorporating carbon and aramid braids exhibited a distinct 
failure pattern. In this case, crack initiation typically took place closer to 
the vertical symmetry plane (see Figs. 19c and 20a–f.) rather than in the 
resin-rich areas surrounding the channel. This shift in the initiation 
point demonstrates the effectiveness of the braids, explaining their 
ability to enhance the pressure resistance of the samples. 

6. Conclusions 

This study focused on the pressure resistance of composite laminates 
with embedded channels manufactured using sacrificial PLA preforms. 
Destructive tests were conducted to determine the burst pressure of the 
laminates as a function of the stacking sequence and the cross-section 
geometry of the channels. Circular and oblong channels were evalu-
ated and various reinforcement techniques were investigated to enhance 
the pressure resistance of the laminates. 

The highest average burst pressure obtained for unreinforced plates 

Fig. 16. Micro-structure of [0/90/0]s laminates with 1.75 mm diameter circular channels reinforced with (a) a carbon fibre over-braid with 2 mm lay-length, (b) a 
carbon over-fibre braid with 8 mm lay-length and (c) an aramid fibre over-braid with 2 mm lay-length. 

Fig. 17. Micro-structure of [0/90/0]s laminates with 5.25 mm wide oblong 
channels reinforced with (a) a carbon fibre over-braid with 2 mm lay-length, (b) 
a carbon over-fibre braid with 8 mm lay-length and (c) an aramid fibre over- 
braid with 2 mm lay-length. 
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was 7.8 MPa, which occurred in [0/90/90/0]s laminates with 1.75 mm 
diameter circular channels. For 6-ply unreinforced stack-ups, the best 
average results (7.0 MPa) were achieved with circular channels and a 
[90/0/90]s layup. In general, narrower channels and thicker laminates 
tended to improve the pressure resistance. Laminates with a 90◦/90◦

interface showed more variability in the results compared to those with 
a 0◦/0◦ interface, regardless of the stack-up. This behaviour may be 
attributed to damage in the 90◦ plies during the lamination process, 
although further investigations are required to confirm this hypothesis. 

The three types of reinforcement investigated in this study enhanced 
the pressure resistance of the laminates with embedded channels. 
Adding a carbon fleece or T300 plain weave ply manually wrapped 
around the PLA preform resulted in moderate increases in burst pres-
sure, ranging from 50 % to 180 % compared to the unreinforced lami-
nates. However, the most significant improvements were achieved with 
2 mm lay-length carbon braids, which increased the pressure resistance 

by nearly 1000 % in 1.75 mm circular channels embedded in [0/90/0]s 
laminates (up to 45.7 MPa). Shorter lay-lengths proved to be beneficial 
for pressure resistance, and carbon fibre over-braids demonstrated su-
perior performance compared to aramid counterparts. 

Micro-graphic examinations and X-ray micro-computed tomography 
of the laminates revealed resin-rich areas around the channels. Crack 
initiation occurred in these regions when non-reinforced laminates were 
subjected to increasing internal pressure. The same applies to samples 
incorporating carbon fleece and woven plies as reinforcements. In 
contrast, the presence of the braids shifted the point of failure towards 
the vertical symmetry plane of the channels, explaining their ability to 
enhance the pressure resistance. 

The findings of this study lay the groundwork for a better under-
standing of the behaviour of carbon composite plates with embedded 
channels under internal pressure. When implemented in numerical 
models, these findings could enable the prediction of failure in complex 

Fig. 18. Results obtained in the micro-tomography analysis of non-reinforced samples after the pressures tests. (a) Crack path in a laminate with a 0◦/0◦ interface 
and 1.75 mm diameter circular channel. (b) Crack path in a laminate with a 0◦/0◦ interface and 5.25 mm wide oblong channel. (c) Crack path in a laminate with a 
90◦/90◦ interface and 1.75 mm diameter circular channel. (d) Crack path in a laminate with a 90◦/90◦ interface and a 5.25 mm wide oblong channel. (e) Example of 
the delamination surface (in red) in a test sample after failure. 

Fig. 19. Results obtained in the micro-tomography analysis of reinforced samples with 0◦/0◦ interface and 1.75 mm diameter circular channels after the pressures 
tests. (a) Crack path in a laminate featuring a carbon fleece reinforcement. (b) Crack path in a laminate reinforced with a T300 woven ply. (c) Crack path in a 
laminate reinforced using a carbon fibre over-braid with 2 mm lay-length. 
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vascular networks, opening the door for the use of this technology in 
future High Energy Physics applications. 

6.1. Possible applications beyond active cooling in local supports 

The use of channels directly embedded in laminate structures offers 
numerous potential applications. 

In the case of active cooling, the combination of sacrificial PLA 
preforms and over-braiding reinforcements presents a promising 
approach to significantly enhance burst pressure, thereby meeting the 
requirements for HEP applications. Initial 40-h decay tests with lami-
nates featuring circular channels and carbon over-braids have shown 
promising results under typical operation and design pressures for CO2 
cooling systems (ranging from 20 bar to 160 bar). However, a thorough 
investigation into the long-term pressure-bearing capacity of vascular-
ized composite plates is crucial. Additionally, further research is 
required to assess the effects of low temperatures and cyclic loads on 
their sustained performance. The permeability of the laminates, 
compatibility of the resin system with the cooling fluid as well as po-
tential radiation effects must be well understood before such technology 
can be used in detector areas where reliability is paramount. The ma-
terials used in this study were not specifically chosen for these purposes 
and should be optimized accordingly. Over-braiding optimisations could 
be investigated to increase the pressure resistance and heat transfer. For 
larger channels, optimising the number or the size of tows could also 
lead to a better coverage of the fibre, improving the burst pressure. 
Moreover, the design of structures with embedded channels necessitates 
a robust numerical model to accurately predict failure. Work is under-
way in these areas. 

Other potential HEP applications could be compatible with this 
technology. For example, dry-air distribution systems (i.e. controlled 
atmosphere) or active thermal barriers within the experiments. The 
fluids required for these applications are less demanding in terms of 
pressure than those used for low temperature on-detector cooling, 
making the implementation of this technology somewhat less chal-
lenging in the former. However, in these cases the optimal design of 
vascularized composite structures will require complex multi-channel 
networks, so further studies are necessary to examine potential in-
teractions between adjacent channels and their impact on the overall 
mechanical resistance. 

Out of the HEP sphere, this technology could find interest in various 
areas. For example, space and automotive industries already consider 
vascular channels for applications such as cooling solar panels or electric 
car batteries. Self-healing composite area could also find potential in-
terest for healing agent distribution. This study complements the exist-
ing knowledge and provides the foundation for enhancing their ability to 
withstand high internal pressure. 
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