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ABSTRACT

The transition toward zero-emission aviation demands the development of lightweight and safe storage
systems for cryogenic hydrogen. Type V composite tanks, which lack a metallic or polymeric liner,
offer significant advantages in terms of mass reduction and thermal compatibility. However, their long-
term viability is challenged by hydrogen permeability due to matrix microcracking, which can occur
under cryogenic conditions and compromise tank integrity. This study explores an indirect method to
assess microcrack formation by measuring the thermal expansion behavior of a composite laminate. Using
controlled thermal cycles and induced damage scenarios, changes in the coefficient of thermal expansion
(CTE) were monitored and correlated with internal microcracking. Results demonstrate a measurable and
repeatable variation in thermal expansion after damage, supporting its use as a structural health monitoring
(SHM) indicator. The findings provide a promising path toward the implementation of non-destructive
techniques for in-service integrity assessment of Type V hydrogen tanks.

INTRODUCTION

Hydrogen has gained importance in the last years as a solution for the next generation Zero zero-
emission aircraft [1]. However, a few improvements must be made before the technology can be fully
implemented. Aspects like hydrogen embrittlement, efficiency performance, or safety are critical for
the technology development [2]. There are multiple developments in new hydrogen tanks that are more
lightweight and implementable in the aeronautical sector, considering aspects like cost or safety. New
hydrogen tank ideas, specifically in Type III and Type IV tanks have been implemented during the last
years, including solutions for fuel cells or Liquid Hydrogen. Moreover, there is an increasing interest
in the manufacturing of new Type V tanks without any liner, so there are not any thermal expansion or
additional stresses between the liner and the composite material that can provoke failure [3]. There are
additional hydrogen embrittlement problems related to metals [4] that make more attractive type V tanks
instead of metal liner solutions.

The liner’s main function is, not only being used as a support in filament winding manufacturing and
for structural porpuses but also serves as a shield for hydrogen permeation [5]. One of the main problems
of hydrogen Type V tanks is the leakage and permeability that can have critical consequences on safety [6].
Leakage drastically affects aspects like durability [7] or safety and is a key point in hydrogen storage [8].
Even when the Type V pressure vessels are the most interesting in terms of weight and efficiency, leakage
is the principal disadvantage so those type of tanks are still in the design phase.

Leakage, in the case of composite materials, is mainly provoked by matrix microcracking in the 90°
plies [9]. Cracks serve as pathways to hydrogen, so they drastically deteriorate the laminate’s performance.
In reference [10], a dependence between permeability and strain state was established, seeing a probable
influence of microcracking. Thermoplastics, due to their higher ductility and recyclability, are trying to be
implemented without a large success [11].
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Knowing that leakage due to microcracking is the most likely cause of failure, detecting microcrack-
ing is one important aspect of monitoring a hydrogen tank. Furthermore, mandatory very high safety
factors (2.5 with de ultimate strength according to [12]) due to the hydrogen inherent risk and the use of
very conservative strength estimations, make SHM a useful tool for reducing structural weight and safety
factors [2].

Several works have reported SHM technologies for damage detection in filament winding structures
[13] reported an Integrated Health Monitoring Concept applicable to cryogenic reusable tanks analytically.
In this particular work, a diagnosis model was implemented with a study of the different SHM technologies
and their possible application in cryogenic tanks. In reference, [14] SHM based on a piezoelectric system
was placed in a panel with thermal adhesive characterization. In the case of reference [15], the same
approach was done with a filament winding deposit, and integrating a smart layer of piezoelectric sensors
inside the tank walls.

Among all SHM methods applicable to tanks, Fiber Optics are very attractive due to their electromag-
netic nonsusceptibility and their low weight and size [16]. FBGS were previously used for strain mea-
surement in cryogenic tests [17]. There have been acoustic emission experiments using fiber optics [18]
that could be able to detect the crack emission, but this kind of system requires a large amount of data.
The problem with FBGS is that it monitors strain and could be useful for a Load Monitoring System [19]
and a prognosis system, but it cannot be implemented for a microcracking system. Moreover, it would be
necessary to establish a relationship between microcracking and strain measured by the sensors.

The first possibility of monitoring microcracking is to measure the strains in a laminate and establish
maximum strain criteria depending on the ply thickness. The main problem with this approach is that the
transverse stress in a 90° laminate differs depending on variables like ply thickness or orientation of adja-
cent laminaes [20, 21]. Instead, energy methods are more commonly used for predicting microcracking,
and the maximum strain criteria cannot be implemented [22,23].

According to [21], there can be a variation between the thermomechanical properties and the existence
of microcracking, so changes in the laminate mechanical properties can be related to internal cracking of
the laminate. The main issue would be establishing a relationship between microcracking (and therefore
leakage) and the thermomechanical properties. Microcracking affects several thermomechanical proper-
ties like thermal expansion [24,25] or elastic constants [26,27], so this fact could be used as a detection
parameter.

MATERIALS AND METHODS

Problem statement

Unlike other applications, where mechanical properties such as stiffness or strength are paramount,
hydrogen tanks’ primary concern is their leakage resistance. So in this case failure would not be deter-
mined by its ability to carry a load but by the ability not to leak hydrogen and therefore ensure a safe
operation. This is significantly influenced by the extent of internal microcracking of the inner tank, which
can create specific hydrogen pathways that result in intolerable leaks and would completely vanish the
high vacuum isolation between inner and outer tank.

Two different effective properties were thought to be measured. On the one hand, the different stiff-
ness modulus, and on the other hand, the laminate thermal expansion. The first option was to detect the
microcracking using stiffness because the detection could be done using internal pressure as a reference. It
is easy to monitor the relationship between the strains and the pressure in a healthy and damaged structure.
That option was not realistic because using normal damage models [28] for carbon cross-plies shows that
the stiffness reduction is not significant. On the other hand, references like [25] show that there are very
big differences in thermal expansion coefficients in a cross-ply laminate subjected to loading.

The problem observed in [25] is that there is an influence of the applied loads on the laminate and the
observed coefficient of thermal expansion (CTE). Therefore, the testing in this paper will be conducted
using only thermal loads, as this variation in the CTE could be exaggerated if loads were applied to the
laminate. These thermal loads are caused by the large temperature variations of the laminate, typical of op-
erations with hydrogen at cryogenic temperatures. The results obtained by [25] were also experimentally
validated in reference [24]. The CTE can be measured during the operation of an inner liquid H2 aircraft
tank by measuring the local strains, the temperature, and the inner pressure. The temperature changes
typically from 20K in the full tank to about 70K in the almost empty tank. The technique described in
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Figure 1. Cryostat Assembly diagram. IVT: Inner Vacuum Case. OVT: Outer Vacuum Case.

this paper could allow us to assess the microcracking condition of the inner tank in service and introduce
maintenance operations before the microcracking state of the tank laminate becomes a serious problem.

Test Description
The probe used for the tests will be an IMA/M21 CFRP material [29] specimen with dimensions 230x30x1.3
mm. The specimen was similar to an ASTM D3039-type specimen with E-glass fiber-reinforced polymer
matrix tabs. The probe width was larger than in other cases to adapt it to the permeability tests with a mass
spectrometer.

The experimental procedure will be as follows. First, the thermal expansion curve of the laminate will
be obtained from 20 K to room temperature. This way, the initial thermal stresses related to the heating
of the laminate can be determined. Subsequently, the laminate will be cooled to 20 K and subjected to 35
cycles at 3000 microstrains to crack the internal structure. Finally, the thermal expansion will be measured
in a manner quite similar to the previous one. Microcracking is induced at 20 K because, knowing that the
resin loses toughness at low temperatures, it can be deduced that it will have a greater tendency to crack
at these temperatures.

The tests were executed using INTA OXFORD cryostat, model 100KN, S/N 40786, with a scheme as
seen in figure 1. To accurately determine the temperature within the equipment, a silicone diode sensor
DT-600 [30] was strategically placed inside the cryostat and in contact with the probe using aluminum
tape. The temperature measurements were recorded using Lakeshore 218 equipment connected to the
computer.

For the thermal expansion calculation, FBGS was used using a similar procedure to [31]. Two fibers
were bonded to the probe with two gratings each, in the directions +45 and (0,90). The fibers were
Ormocer-coated, provided by FBGS TECHNOLOGIES, and bonded with an EA2A adhesive from Tokyo
Measuring Instruments. The optical interrogator used for the testing was LUNA Sil155. The spectrum at
different temperatures is reported in Figure 2.

The extensometer used in the loading was an Epsilon LG 10 [32]that can resist cryogenic temperatures
and was recently calibrated by Instron. During the loading cycles, the displacement slope was 1 mm/min,
and the testing temperatures were between 18 and 24 K.

Three loading cycle repetitions were conducted, with strain employed as the control parameter in each
case. Table I details the maximum strain set for each repetition. In the first repetition, the strain was
measured by the FBG oriented in 0° and in the second and third repetitions, the strain was measured by
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Figure 2. Spectrum of the two fibers used during the tests. In the case of the 0°/90° fiber, the first grating
corresponds to the 90° direction, and the other grating to the 0° direction.

an LG10 extensometer.
Mathematical Formulation

Taking the starting point from the reference [33] and assuming that, from a micromechanical point of
view, the effective coefficient of thermal expansion can be defined as:

1
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Where m represents each phase present in the material. It can therefore be observed that the effective
thermal expansion can be decomposed according to the phase. Thus, the internal stresses of the laminate
must be determined. In [34], it is assumed that the internal stresses of the laminate are the sum of the
inherent stresses of a healthy laminate and the perturbed stresses of a cracked laminate. Therefore, the
following expressions can be stated [25]:
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By substituting equation 2 into equation 1, it can be determined that:
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In the present work, the perturbation of the stresses is computed using a variational approach initially
proposed by [34] for cross-ply laminates and later extended by [35] to angle-ply laminates. This method
involves minimizing the complementary energy while enforcing the boundary conditions, which include
traction continuity at the interfaces, symmetry in the (z, y) plane, and stress-free conditions on the external
surfaces. To ensure these boundary conditions are satisfied, appropriate shape functions are employed in
the calculation of the stress perturbations.

Being a symmetric laminate, the plies most affected by cracking are those located at the center of
the laminate, as they have twice the thickness. The stress state is derived from the thermal strains of
the specimen. For this purpose, the cracking stresses are calculated using equation 3, where the stresses
indicated in the equation correspond to the perturbation thermal strain [25].
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TABLE L. Number of cycles and maximum strain of each cycle in all repetitions

Repetition Cycles Maximum strain (4m/m)
1 30 800
2 34 3000
3 30 5000

The parameters a and b represent the distances between cracks, defining a bounded control volume.
The stresses UQ(LZ.), ag(,z), and J?z) are expressed as internal stresses resulting from thermal strain in the
n ply, being (1) the ply in the midplane and (2) the adjacent plies. The internal stress is represented
using shape functions as described in [35]. The constants of the shape functions are determined from the
strain measurements obtained with Fiber Bragg Gratings during the heating process from 20 K to room
temperature. The analytical calculation of the effective coefficient of thermal expansion is out of the scope
of the present article. Still, it is essential to highlight that an analytical relationship between the variation
of the CTE and the distance between cracks can be established.

RESULTS

Although the thermal expansion coefficient is typically used to express the thermal dilation of mate-
rials in composite materials, due to the wider temperature range in these tests, another variable has been
employed—namely, the thermal strain within a reasonable interval—to better represent the thermal expan-
sion being investigated. The expansion responses have been compared in the three directions 0 and =+ 45,
and significantly different behaviors have been calculated depending on the number of applied thermal
cycles. As mentioned before, the specimen was tested by cooling it down to 20 K and then allowing it to
warm up very slowly, so thermal inertia issues are not expected.

The heating results can be visualized in Figure 3, which shows the material response in three different
states (before the first cycle, after the first cycle, and after the second cycle). One of the main issues is
that the optical spectra were broadened in low temperatures, likely due to a strain gradient in the grating
bonded to the specimen. To address this, each grating was assigned a wavelength range, and within that
range, the most prominent peak was detected using the find_peaks function from Python’s scipy package.

A noticeably different behavior is observed depending on the specimen’s state. A clear decrease in the
thermal expansion coefficient is seen as more cycles with higher loads are applied. This trend is consistent
with the results reported in [24] and the model presented in [25]. Between 30 K and 60 K, the expansion
responses just before and just after the first repetition are quite similar. However, just after 80 K, the cycled
profile shows an abrupt change in the CTE, becoming nearly zero. These discontinuities in the CTE may
be caused by the opening or closing of microcracks due to expansion, as described in [25].

In the case of thermal expansion after the third cycle, an asymmetric behavior is observed between
the fibers oriented at 45° and -45°, with an almost negligible expansion occurring before 60 K. Beyond
this point, a bifurcation in the strain response appears, showing compression along the -45° direction and
tension along the 45° direction. This may be caused by a discontinuity in strain due to microcracking,
potentially creating two asymmetric sublaminates, thus resulting in a bending-extension coupling. It can
be observed in the case after the second repetition that even at low temperatures, the CTE can become
negative. In carbon fibers, the differences in CTE are particularly significant precisely because of the
inherently low or even negative thermal expansions. In the various works by [25], it is shown that the
variation in the CTE can even change sign beyond a certain crack density p in the volume. Therefore, the
results obtained here may be consistent with those findings.

Table II shows the different thermal expansion coefficients of the specimen after each repetition, for
the temperature intervals 30-50 K and 90-150 K.

CONCLUSIONS

The development of efficient and safe hydrogen tanks is essential for the implementation of zero-
emission aircraft. Among the various technological alternatives, Type V tanks represent the most promis-
ing option in terms of weight reduction and elimination of thermal compatibility issues between the liner
and the composite. However, their main drawback remains hydrogen permeability caused by matrix mi-
crocracking, which compromises the system’s tightness.

Since failure in these tanks is not defined by structural rupture but by their ability to maintain leak-
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tightness, it is crucial to develop structural health monitoring (SHM) systems capable of detecting the
internal state of the material. Although technologies such as fiber Bragg grating sensors (FBGS) offer
advantages such as low weight and electromagnetic immunity, their use for direct microcrack detection is
still limited. Therefore, this work proposes an approach based on measuring the thermal expansion of the
laminate as an indirect indicator of internal microcracking.

Experimental results show that the thermal expansion of the laminate changes significantly after mi-
crocrack damage that is induced at low temperatures. This phenomenon is consistent with previous mi-
cromechanical models and allows inference of the internal state of the material without destructive testing.
Thus, thermal expansion measurements may serve as an effective tool for assessing the structural health
of Type V tanks during operation, optimizing maintenance intervals, and enhancing safety in cryogenic
hydrogen applications.
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