Composite Structures 359 (2025) 118996

COMPOSITE
STRUCTURES

Contents lists available at ScienceDirect

Composite Structures

journal homepage: www.elsevier.com/locate/compstruct

ELSEVIER

Check for

Effect of prepreg ply thickness and orientation on tensile properties and
damage onset in carbon-fiber composites for cryogenic environments

Eduardo Szpoganicz ®, Fabian Hiibner ”, Uwe Beier °, Matthias Geistbeck b,' Maximilian Korff®,
Ling Chen “, Youhong Tang “®, Tobias Dickhut “®, Holger Ruckdéschel >

& Department of Polymer Engineering, University of Bayreuth, Bayreuth, Germany

Y Airbus Central Research and Technology, Munich, Germany

¢ Department of Aeronautical Engineering, Chair of Composite Materials and Engineering Mechanics, University of the Bundeswehr Munich, Munich, Germany
4 Institute for NanoScale Science and Technology, College of Science and Engineering, Flinders University, South Australia, Australia

ARTICLE INFO ABSTRACT

Keywords:

CFRP composites
Ply thickness
Ply orientation
Cryogenics
Damage onset

This study addresses the effects of laminate design on the damage and failure behaviour of carbon-fiber rein-
forced composites with varying ply thicknesses and stacking configurations under cryogenic temperatures. The
aim was to observe the ultimate tensile performance and in-situ onset of damage at 296 and 77 K environments,
combining microscopy and simulation analyses. Laminates with fiber areal weights of 140, 70 and 45 g/m? were
stacked in 2 different quasi-isotropic configurations. The results show that ultimate tensile properties are
improved at 77 K, though failure strain slightly decreases. Thinner ply laminates with 70 and 45 g/m? showed a
15-20 % improvement in cryogenic tensile failure-strain, while damage onset shifted from 0.5 % to 0.8 % of
strain. Adding off-axis plies improved laminates by 10-15 %, preventing damage onset up to failure. Microscopy
and simulation analyses showed good agreement with the in-situ signal for the onset of damage, indicating
matching levels of delamination failure initiation measured at 77 K. No transverse microcracks were observed,
and permeation measurements showed no significant leakage increase after delamination onset. Ultimately, this
work introduces a novel integrated approach by combining in-situ cryogenic testing, damage onset methodology,

fractography, simulation analysis, and gas permeation measurements.

1. Introduction

The introduction of liquid hydrogen (LH2) as aircraft fuel has
recently garnered attention for its potential to significantly diminish
greenhouse gas emissions and reduce reliance on fossil fuels. LH2 is
preferred for aircraft over gaseous hydrogen due to its higher energy
density, which allows for more efficient storage and longer flight ranges.
The in-flight discharge, as highlighted by the International Energy
Agency (IEA), represents around 2-3 % of global energy-related emis-
sions [1]. Noteworthy efforts by leading aircraft manufacturers are
ongoing to advance technologies and conduct testing to introduce
hydrogen-powered commercial aircraft [2]. Nevertheless, the wide-
spread adoption of LH2 faces difficulties, particularly in storage, owing
to the necessity for materials that can withstand extremely low tem-
peratures (—253 °C) and effectively mitigate hydrogen leakage. LH2's
inferior energy density compared to jet fuel requires larger storage ca-
pacities and results in weight increments, thus decreasing the storage/
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weight ratio of metallic tanks to commercial flights. Although carbon-
fiber reinforced plastics (CFRPs) exhibit potential in combining struc-
tural integrity with a lightweight design, their performance in cryogenic
temperature (CTe) remains constrained, giving rise to challenges as
microcrack/damage onset and controlling leakage. Additionally, the
complexity of testing methods and quantitative controls at < 77 K in-
hibits broad research adoption [3-5].

Initial investigation into design and evaluation was conducted
already in 1973 by Chiao et al. [6]. The report evaluated integrity under
cryogenic conditions via burst and liquid nitrogen (LN2) in-situ me-
chanical testing. Abumeri et al. [7], among other works from NASA,
emphasized the critical need for reliable failure criteria in the cryogenic
regime, which is essential for designing CFRP tank systems for future
launch vehicles.

Aerospace-oriented studies reported the effect of thermal fatigue in
FRP composites from a cryogenic range [8-13]. Results indicate that
increasing the number of cycles and the temperature range increases
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microcrack density. However, these studies conducted experiments
using high-temperature epoxy matrix systems, such as Bismaleimide
resin (high-temperature applications such as satellite materials).
Consequently, the observation of microcracks in these materials is pro-
nounced, and damage can be seen with clarity. Another important
feature is that most of the research with microscopy analysis of crack
and damage onset focuses on 0/90° cross-ply laminates, which is not a
realistic laminate design for LH2 tanks, typically manufactured as multi-
angled ply laminates, leading these results towards less applicability in
practical use. Hydrogen tank stacking sequences typically use hoop
layers for radial stiffness and helical or polar layers for axial stiffness,
based on winding angles. For large-scale components, automated fiber
placement (AFP) is used to achieve optimal fiber orientations for various
load scenarios. Here, quasi-isotropic (QI) laminates are often used for
material testing and engineering constants [14-16].

Numerous investigations have been focused on the mechanical
properties of CFRP materials in cryogenic regimes [17-25]. The per-
formance of T700 and T800 CFRP laminates at 77 K was reported by
Wang et al. [17]. An increase in the tensile and compressive strength was
reported in CTe environments. However, results on stiffness and strain to
failure are not herein provided. Hohe et al. [18,19] performed static
stiffness and strength tests in liquid helium (LHe, 4 K). Evidence was
noted that in multidirectional laminates, the microscopic residual
stresses observed at the single-ply level are further influenced by ther-
mally induced residual stresses. These arise from the thermal mismatch
between adjacent ply orientations. Furthermore, validation of Puck’s
failure criterion into the cryogenic regime showed that no loss in the
overall stiffness can be observed. Szpoganicz et al. [20] investigated the
impact of CFRP laminate ply thickness on interlaminar fracture tough-
ness at 77 K. The study showed that using thinner plies through prepreg
processing enhances delamination resistance and shear strength,
particularly in CTe conditions. A 20 % increase in intralaminar energy
release rate and shear strength for thinner plies was reported, empha-
sizing the heightened sensitivity to damage at 77 K environments. A
further throughout survey on the mechanical properties of a CFRP
composite was carried out in a low-temperature environment by Li et al.
[21]. The research combined microscopic and macroscopic failure
models to clarify the mechanical behaviour of the laminate. It was
herein highlighted the embrittlement transformation and delamination
damage at low temperatures.

Understanding CFRP behaviour in cryogenic temperatures remains
unclear, posing challenges for developing dedicated CFRP composites
for LH2 storage tanks. Hiibner et al. [26,27] investigated enhancing
epoxy resins for CFRP in cryogenic environments, finding that siloxane
core-shell particles improved fracture toughness and fatigue crack
propagation. Similarly, Qu et al. [28] reduced crack density in CFRP
laminates by toughening the epoxy matrix with hydroxyl-terminated
polyurethane (HTPU), enabling stress transfer to fibers even in cryo-
genic conditions.

Although major focus on the material design of CFRP storage tanks
has been given to toughen the epoxy matrix, little attention has been
given to the CFRP structure configuration, regularity, homogeneity and
thus the effect of thinner plies. Sihn et al. [29] developed a new pro-
cessing method for spreading fiber tows to make thinner ply CFRP
laminates. The research investigated how reducing ply thickness affects
the static and fatigue life of CFRP specimens in room temperature (RT)
testing. Ultimately, it was found that thinner ply laminates alone can
suppress microcracking, delamination, and splitting damage under
static, fatigue, and impact loads without requiring special resin. Similar
findings were provided by Amacher et al. [30], showing that the in-
crease in structure regularity and decrease of major defects of thinner
ply CFRP composites provided much better mechanical performance,
and can expressively increase the tolerance for damage onset. Katsivalis
et al. [5] investigated in detail the hydrogen permeability of thin-ply
CFRP composites after mechanical loading and proved that no major
leakage nor microcracks formation was found even after RT high tensile
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pre-loading (up to 1.4 % strain). Furthermore, intralaminar fracture
toughness has been shown to vary with ply thickness and architecture in
other literature studies [31-34]. Furtado et al. [31] found that the in-
crease in notched strength with ply thickness is linked to the develop-
ment of subcritical damage around the notch, which facilitates stress
redistribution and reduces stress concentration. In a subsequent study,
Furtado et al. [32] tested multidirectional laminates with ply thick-
nesses ranging from 67 um to 268 pm under various loading conditions.
It was reported an overall improvement in strength as ply thickness
decreased. The referenced studies show significant improvements in
CFRP materials’ static and fatigue behaviour, which could greatly
benefit laminates in LH2 storage tanks by reducing damage onset, evo-
lution, and potential hydrogen leakage. However, these studies are
conducted in RT environments and cannot be directly transferred to
cryogenic conditions.

Targeting to further explore the effect of prepreg regularity and
laminate design in CTe environments, this study investigated the effect
of prepreg ply thickness and stacking configuration on tensile properties
measured at RT and CTe environments. Three different prepreg ply
thicknesses with the fiber areal weight of 140, 70 and 45 g/m?, and two
different QI configurations were manufactured with a toughened epoxy
resin designed to operate in ultra-low temperatures. Tensile testing in
LN2 was employed with a cryogenic-designed extensometer to monitor
local strain, thus obtaining the ultimate tensile failure properties of these
systems at RT and 77 K. Additionally, the extensometer could be
adjusted so indicators of damage onset could be determined in-situ while
tensile testing at 77 K. Scanning electron microscopy (SEM) was used to
examine tensile specimens tested at various strain levels at CTe, to
determine if the damage onset observed during tensile testing matched
the strain levels where damage was visible in SEM after tensile loading.
Furthermore, finite element modelling has been established to simulate
the tensile behaviour of CFRP laminates under CTe environment for
comparison with the obtained experimental results. Permeation tests on
tensile specimens pre- and post-quasi-static loading at 77 K were carried
out to search for a leakage-to-damage correlation. This comprehensive
study aims to evaluate in-situ cryogenic tensile properties of CFRP
laminates and identify critical laminate design factors influencing
damage onset and properties for cryogenic storage tanks.

2. Materials and methods
2.1. Prepreg material

This study used aerospace-grade unidirectional carbon-fiber (Hex-
Tow® IMA 12 K) from Hexcel Corporation (Stamford, USA), impreg-
nated with a cryogenic epoxy resin (CEP) designed for CTe
environments. This reinforced composite is referred to here as CEP-IMA.
The particulate toughening agent Genioperl W36® (Wacker AG, Bur-
ghausen, Germany) was added at 5 vol% to 100 parts of the matrix
mixture. This siloxane-containing block-copolymeric toughener forms
micelle-like core-shell structures in nanometer-sized, grape-like do-
mains. Further details on the CEP resin can be found in Hiibner et al.
[26,27]. Prepreg tapes were produced using a hot-melt prepreg unit
from Roth Composite Machinery (Steffenberg, Germany), with fiber
areal weight of 45, 70, and 140 gsm, aiming for a 60 vol% fiber volume
content (FVC). QI laminates were made from these tapes via autoclave
curing at 130 °C. The prepreg tapes were consolidated into QI (Q1)
laminates as [0°,445°,90°,-45°]; to assess the effect of ply thickness
alone. Additionally, a 45 gsm fiber areal weight laminate system was
stacked as [0°,1+22.5°,+45°,+67.5°,90°,-67.5°,-45°,-22.5°]5 with off-
axis orientations (Q2) to study the effect of ply orientation additional
to the ply thickness. Details about the different laminate systems are
shown in Table 1. Specimens were cut using an automated rotating blade
machine Servocut 602 series from Metkon Instruments Inc. (Bursa,
Turkey), ensuring defect-free cuts. Thermogravimetric analysis (TGA)
using a TG 209 F1 Libra from Netzsch-Geraetebau (Selb, Germany)
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Table 1
Summarized details about the different QI laminate systems design.
Laminate Laminate Stacking sequence n of
thickness / fiber gsm / plies
FVC
140-Q1 21+ 140 61 [0°/+45°/90°/-45°] 55 16
0.2 mm +4
70-Q1 1.8+ 70 60 [0°/+45°/90°/-45° ]3¢ 24
0.1 mm +1
45-Q1 1.9+ 45 58 [0°/+45°/90°/-45°]5¢ 40
0.2 mm +1
45-Q2 2.0+ 45 58 [0°/+22.5°/+45°/+67.5°/ 48
0.1 mm +1 90°/-67.5°/-45°/-22.5°] 3¢

monitored the FVC according to DIN 16459:2019-12 standard [35]. The
TGA test was conducted under controlled heating conditions, with a
temperature range of 25 to 1000 °C at a heating rate of 20 °C/min.
Initially, the test was performed in an O2 atmosphere up to 600 °C to
eliminate the degraded polymer matrix, followed by a transition to an
N2 atmosphere.

2.2. Tensile testing and damage onset

Tensile testing was carried out using a 100 kN universal testing
machine, adapted for cryogenic testing, from Franz Wohl + Partner
Priifmaschinen GmbH (Schalkau, Germany). A tailored polytetra-
fluoroethylene mould for containing the test environment at 77 K (in-situ
with LN2) was designed for 2 mm thick specimens. The mould is sealed
underneath with a silicon seal before every testing, to ensure that LN2 is
not leaked at the tabs-cavity. An illustrative and schematic view of the
adapted test can be seen in Fig. 1.

The characteristics of the test and of the specimens was carried out
according to ASTM D3039 [36]. An axial extensometer designed to
operate in LN2 from Sandner Messtechnik GmbH (Biebesheim am Rhein,
Germany) was used to record the local strain in-situ of the CFRP spec-
imen up to failure. The use of Invar alloy in selected parts of the sensor
minimizes the interference caused by the thermal contraction of its
components. Here, sharper blades are recommended to ensure the
sensor remains steady when immersed in boiling LN2. The sensitive
extensometer also allows for gradual levels of attachment, enabling the
detection of strong vibrations, which were later associated with damage
onset and confirmed through microscopy analysis.

2.3. Microscopy analysis

To further understand damage initiation, multiple levels of

a) 1
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I
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mechanical loading were applied to the laminate systems and further
analyzed in an SEM from Zeiss Gemini 1530 (Oberkochen, Germany).
Surfaces were platinum-sputtered to 5-10 nm thickness before exami-
nation, with the SEM operating at 3 kV. For each of the CFRP systems,
three incremental tensile-strain levels (0.2 %, 0.5 %, and 0.8 %) at CTe
were applied, selected based on tensile test results identifying these
values as critical onset points. The tensile loading setup followed that
described in Fig. 1. After applying each strain level, specimens were
prepared for SEM analysis to identify microcracks and delamination
damage, enabling direct comparison between SEM images and tensile
levels of strain recorded during tensile loading at 77 K. Notice that SEM
analysis is carried out at RT.

2.4. Simulation analysis

The geometric modelling of the laminates consisted of CFRP repre-
sentative multiple plies and cohesive elements. The stacked plies, shown
in Fig. 2a, were built in accordance with each system as done experi-
mentally (see Table 1). The cohesive elements, which have zero thick-
ness, were introduced by inserting cohesive seams into the mesh module
in each ply. The element types for the plies, cohesive elements, and tabs
were C3D8R, COH3DS8, and C3D8R, respectively. The element sizes for
the plies, cohesive elements, and tabs were specified as 1 mm, 1 mm, and
2.5 mm, respectively, as shown in Fig. 2b. The normal and shear stiffness
coefficients of the cohesive elements were calculated to match the
equivalent transverse normal and shear stiffness of the continuum ma-
terial. The material properties utilized to compute the simulation anal-
ysis are summarized in Appendix A. Here, ABAQUS software was
utilized for the simulation analysis.

To simulate the damage evolution process of the laminate during
tension, the 3D Hashin criterion was applied via VUMAT. This criterion
was selected because it is suitable for describing the multi-failure mode
behaviour of fiber composites, including four failure mechanisms: fiber
tension, fiber compression, matrix tension and matrix compression, and
thus it is applicable to anisotropic structures [37-39]. The 3D Hashin
criterion is used as a failure criterion to simulate the damage evolution
process of laminated panels. It includes four different failure modes:
fiber tensile Eq. (1), fiber compression Eq. (2), matrix tensile Eq. (3),
and matrix compression Eq. (4):

Fiber tensile failure (617 >0):

2 2 2
e () o) o)

Fiber compression failure (617 <0 ) :

Fig. 1. A) illustration and b) schematic view of in-situ LN2 tensile testing with adapted extensometer strain-gauge and PTFE container.
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b)

Cohesive
(COH3D8)

Tabs

\(C3D8R)

Multiple plies
(C3D8R)

Tension

Fig. 2. Finite element modelling of laminate. a) The 3D structure diagram of multiple plies, b) inserting cohesive and meshing units, c) tension boundary condition

and d) defining ply direction.

2
011
F.=|—) >1 2
e (Xc) 2 (2)
Matrix tensile failure ( 623 + 033 >0):
2 2 2
O + 033 1 2 012 013
j - — — — — >1 3
" ( Yr ) +5§3 (72 ~ 0202) (512) " (513> - ©

Matrix compression failure ( 623 + 033 <0 ) :
Xo \?
Fuc’= -1
- [(2523)

where o; (ij = 1,2,3) is the effective stress component; X7 and X are
longitudinal tensile and failure strengths; Y and Y are transversal
tensile and failure strengths; and Sjo, S13 and Sy3 are shear failure
strengths. Further details can be seen in [37]. Although the Hashin
criterion is suitable for predicting global damage onset on the specimen,
it may not capture detailed failure modes; alternatives like the Puck
criterion can offer more detailed in failure analysis.

The explicit dynamic analysis step was selected, and the geometric
nonlinearity option was activated to account for large deformation ef-
fects. One end of the laminate was completely fixed, while the other end
was stretched, as shown in Fig. 2¢. A coordinate system was used to set
the angle of each plane, with ‘1’ representing the axial direction of the
fiber, and ‘2’ and ‘3’ representing the transverse directions. To ensure
consistency with the experimental conditions, the boundary conditions
of the simulation involve the application of displacements. The four tabs
are first tied to the surface of the laminates, with the left two tabs
coupled to a reference point that is fully fixed. Displacements (0.3, 0.75,
1.2, 1.5, and 1.8 mm) are applied to the right two tabs, calculated by
multiplying the strain values (0.2 %, 0.5 %, 0.8 %, 1.0 %, and 1.2 %) by
the specimen’s span length of 150 mm. Fig. 2d shows the angles of the
planes, including 90° and 45°. The critical tensile and shear stresses of
the cohesive law were matched to the transverse tensile strength and in-
plane shear strength of the UD plies. The uncoupled normal and shear
stiffness coefficients of the cohesive elements were calibrated to be

2
(622+033) | (022+20'33) +0§3—(2722(733+0'%2+‘7%321
Ye 487, S35

2
012

C)

equivalent to the continuum transverse normal and shear stiffness.
Additionally, interlaminar cohesive interfaces were modelled similarly,
utilizing experimentally determined fracture energies in mode I and II,
and interlaminar shear strength ILSS (obtained in [20]). Thermal re-
sidual stress is not included in the simulation herein, as ABAQUS usually
do not support thermal-mechanical coupling element type, driving the
focus primarily for modelling interface strength, separation, and crack
propagation.

2.5. Permeation & leakage

Permeation measurements were conducted according to ASTM
D1434-82 standard [40] using a monometric system employing the
closed volume and variable pressure method. Leakage through the CFRP
material was determined using a mass spectrometer system. Permeation
and leakage measurements were taken at RT with helium gas. Tensile
bars, adapted from the ASTM D3039 specifications, served as the test
specimens, allowing for the evaluation of CFRP system permeation and
leakage both before and after subjecting the material to tensile loading
in CTe environments. The leakage channel contains a transversal area of
1592 mm? area. To ensure that the adapted tensile specimens fully
covered the area of the leakage channel, the width of the tensile spec-
imen was increased from the original 25 mm to 55 mm. Initially,
permeation measurements were taken on the tensile bars prior to
applying any load. Subsequently, the specimens were submitted to a 0.8
% tensile strain at 77 K, following the testing method of Section 2.2. The
strain was chosen based on the tensile results described in Section 3.1.
Finally, the loaded specimen was once again tested, and values were
compared as prior to loading (unloaded specimen) and after loading
(loaded specimen). A schematic view of the testing concept is shown in
Fig. 3.

2.6. Matrix of tests

In this section, a comprehensive matrix detailing all the tests con-
ducted during this survey is presented. This matrix serves as an orga-
nized framework to summarize the extensive range of experimental and
analytical evaluations performed on the composite materials. The
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Standard tensile specimen

i%mm 55mmi

Adapted tensile specimen to fit both tensile
and permeation testing

Fig. 3. Schematic representation of the permeation-to-damage survey, as the illustration of a) the testing rig, b) the adaptation of the tensile specimens to fit the
permeation channel area, and c) the sequential methodology for this survey.

Table 2
Summarized matrix of methods and objectives for each section of this work.
Section Procedure Objective Specimens
Prepreg Manufacture prepreg Obtain prepregs -
material tapes with varying with varying
fiber areal weights fiber—matrix
(140, 70, and 45 gsm). regularity and
stacking
configuration.
Tensile Perform tensile testing Obtain information 5 Specimens
testing & up to failure in RT and about tensile for each
damage CTe environment. properties measured system.
onset in-situ.
Perform tensile testing Obtain information 3 Specimens
up to failure in CTe about damage onset for each
environment with measured in-situ. system.
adjusted
extensometer.
Microscopy Perform SEM analysis Correlate damage 3 Specimens of
analysis of damage on tensile onset visualized in each system
specimens subjected to  SEM and from in-situ for each load
0.2, 0.5, and 0.8 % tensile testing. step.
strain in CTe
environment.
Simulation Perform FE modelling Correlate simulated 1 model for
analysis of experimentally damage initiation each system

tested laminate
designs subjected to

and progression
with in-situ tensile

for each load
step.

0.2 % to 1.2 % tensile testing.
strain in CTe
environment.
Permeation & Perform permeation Observe the effect of 1 Specimen for

leakage

and leakage
measurements of
widened tensile
specimens before and
after applying 0.8 %
tensile strain in CTe
environment.

damage onset on
permeation and
leakage properties.

each system.

schematic summary is shown in Table 2.
3. Results and discussion
3.1. Tensile properties

All four CFRP systems were characterized by tensile load up to fail-
ure. The QI specimens utilized herein were stacked according to Table 1.
The stress and strain measured in ambient (RT representative) and in-situ
LN2 (CTe representative) are shown in Fig. 4a and Fig. 4b, respectively.
Overall, the elastic modulus is not affected by the improvement on the
structure regularity nor the stacking configuration. When considering
the classical laminate theory (CLT), a symmetric QI laminate should
have identical stiffness regardless of the ply thickness. Considering a
dominant mode of failure as crack propagation as the Griffith theory of
fracture, the laminate strength o5 is inversely proportional to the square
root of the characteristic size of the crack a, as shown in Eq. (5):

Os =

V za
Where E stands for the elastic modulus and Gy the critical strain energy
release rate.

When intralaminar damage is constrained by the surrounding plies,
the crack size is equal to the ply thickness [41-43]. Thus, suggesting that
thinner plies confine smaller cracks, and therefore higher failure
strength. At RT testing, the tensile failure of all laminates followed
similar behaviour, suggesting no expressive advantage of thinner plies.
The cryogenic-tailored epoxy resin CEP permits a large plastic radius
zone for deformation to occur at RT (details in Hiibner et al. [26]), which
is believed to cover the many irregularities seen for thicker laminates.
Contrary to what is observed in works using typical brittle resins
[29,30], where significant enhancement is seen at RT, the irregularities
of thick-ply features such as resin-pockets and fiber weaving do not
appear to be critical for the CEP-IMA laminate at RT. Additionally, the
low cure-temperature resin CEP is expected to have significantly lower
residual stress compared to high Ty systems when bringing the laminate
to RT. Overall, the systems behave similarly, except the 45-Q2 laminate,

(%)
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Fig. 4. Representative stress-strain tensile curves of the CEP-IMA laminates measured at a) 296 K and b) 77 K environment.

which shows a slight increase in stress-failure. This can be attributed to
the optimized residual stress-strain, influenced by the reduction of ply
angle, also reported by [30].

In CTe environments, the strain-failure was steadily improved when
decreasing the ply thickness, especially when additionally containing
the off-axis + 22.5° and + 67.5° fiber orientation (from 0.98 % to 1.21
% strain failure). Thus, the strength of the material is reported much
higher accordingly (from 749 MPa to 942 MPa). The observed
enhancement highlights a significant increase in sensitivity to irregu-
larities and vulnerable areas, particularly noticeable in thicker prepregs.
Due to the substantial reduction in the plastic zone radius at CTe factors
that may have been considered negligible at RT become critically
important (e.g. for LH2 tanks). Such a phenomenon is well documented
in [20,27]. This sensitivity growth found at 77 K correlates with the
larger strain levels of failure found for the 45 gsm laminates. The even
further improved performance of the off-axis CFRP laminate CEP-IMA
45-Q2 can be attributed to the management of residual stresses within
the CFRP laminate. When considering the temperature change from the
curing temperature (403 K for the CEP-IMA composite) to the CTe
environment (77 K), it is encountered a significant temperature range of
326 K. In composite laminates, the inter-ply regions, which typically
contain excess resin from the prepreg tape processing, play a crucial
role. The placement of higher angles between adjacent plies results in
increased induced stress within the laminate structure. By steadily
changing the ply orientations, the laminate can effectively distribute
stress concentrations, and the thermal stress is far less concentrated at
the ply interface, ultimately leading to enhanced durability when
loading at CTe. The summary of the properties measured in RT and CTe
are presented in Table 3.

Table 3
Summary of tensile properties measured at RT and CTe for all systems.

CFRP E Modulus / Stress Failure / MPa Strain Failure / %
system GPa

296 K 77 K 296 K 77 K 296 K 77 K

140-Q1 61 + 68 + 773 £ 749 + 1.13 + 0.98 +
2 3 28 99 0.02 0.07

70-Q1 63 + 70 + 934 + 805 + 1.35 + 0.99 +
1 2 35 14 0.01 0.01

45-Q1 61 + 68 + 910 + 878 + 1.34 + 1.13 +
1 1 27 33 0.03 0.05

45-Q2 63 + 69 + 1035 + 942 + 1.31 + 1.21 +
2 5 57 62 0.03 0.03

3.2. Damage onset via in-situ testing

To view the onset of damage within the CFRP laminates, a repre-
sentative curve of each system measured at 77 K, given the original
curve (including the signal shift caused by the damage) and the
normalized curve (removing the signal shift caused by the damage) was
plotted in Fig. 5. The normalized curve is a projection from the original
curve baseline (based on a linear regression) prior to the signal shift
caused by the damage. As already reported by Hohe [19] on the vali-
dation of Puck’s failure criterion for CFRP at CTe environments, the
damage on the laminates does not exhibit a significant loss in the ma-
terial stiffness. Furthermore, experimental studies suggest that crack
formation and stiffness degradation are significantly delayed in thin
plies due to their confinement between stiffer neighbouring plies
[44-47]. Thus, suggesting that the slope of the curve is maintained even
after damage occurred. Therefore, it is understood that a linear regres-
sion is appropriate in this context.

The tensile performance of the QI laminates generally involves
multiple damage events. The matrix cracking within the 90° plies, as
intra-laminar transverse cracking, is thought of as the event wherein
damage onset takes place. When evaluating the 140-Q1 in 77 K, a strong
signal shift was detected always within the range of 300-400 MPa of
stress and 0.4-0.5 % strain, likely indicating the failure of the 90° plies.
The anticipated failure can easily progress to the adjacent plies as intra-
laminar shear damage, and thus cause the material to fail significantly
earlier, as also reported by [30]. Multiple signals of damage onset were
always reported for the 140-Q1 laminate. The free edge effect, for
instance, occurs due to stress concentrations at the edges where there is
reduced restraint from neighbouring plies, making these regions more
susceptible to delamination. Additionally, hydrostatic stress dominant
suppresses the plastic deformation (e.g. cleavage) as a result of triaxi-
ality. Thicker cross-plies worsen this effect as they increase the distance
between adjacent plies, leading to greater stress gradients and a higher
likelihood of cohesive failure.

The tensile specimens are far more sensitive to this in CTe environ-
ments, as the plastic zone radius of the matrix and the delamination
toughness of the laminate decreases substantially. The 70- and 45-Q1
laminates exhibited a higher damage onset, only being detected at the
range of stress 600-750 MPa and strain 0.7-0.8 %. Here, the significant
improvement in structure regularity and reduction of the cross-ply crack
size is believed to be the reason for such an increase in the stress at
damage onset. The distribution of damage permits the adjacent plies to
withstand longer to the stress—strain load. Likely reducing delamination
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Fig. 5. Representative stress—strain curves of the different CEP-IMA laminates measured at 77 K exhibiting the original curve containing the extensometer signal shift

and the normalized curve as a) 140-Q1, b) 70-Q1, c) 45-Q1, d) 45-Q2.

area and shifting ultimate failure towards higher stress-strain. The shift
of damage onset towards higher tensile stress—strain values should be
related to the stability of transverse intra-laminar crack. However, the
residual stress caused by the extreme environment and large angled plies
(90°/45°/0°) still seems to take a major role in damage onset. As the
magnitude of the damage is proportional to its size, the drastic reduction
on the ply interface and the final failure is likely to follow asymptotic
behaviour. Therefore, a further increase is seen when reducing the ply
thickness of Q1 from 70 to 45 gsm. All 70- and 45-Q1 specimens
exhibited damage in the range of 0.7-0.8 % strain.

Moreover, no sign of damage prior to ultimate failure was found for
the 45-Q2 laminates. As important as structural regularity is, the onset of
damage caused by residual stress plays a key role. As the Q2 laminates
contain additional + 22.5° and + 67.5° plies, the variation between
curing temperature (408 K) and CTe (77 K) causes less residual stress as
the ply angle is reduced when compared to Q1. When designing com-
posites for LH2 tanks, where cracks are a critical factor, ensuring com-
plete resistance to damage initiation (whether from cracks or
delamination) is far more important than merely delaying their onset.
Therefore, designing a laminate that can prevent cracks and delamina-
tion (such as Q2) during its use would significantly benefit LH2 tank
design. Based on the results herein, the structural regularity of 90° ply

thickness reduction can have significant improvements on the ultimate
stress—strain of the CFRP laminate. Still, it is only by reducing the plies
angles that residual stress in 77 K is believed to be controlled, and the
onset of damage can be prevented. Fig. 6 exhibits the fractography of the
in-situ tested specimens (77 K) and clearly indicates that, reducing ply
thickness and incorporating off-axis stacking configurations in CFRP
results in more homogeneous material behaviour, promoting a more

Fig. 6. Tensile failure modes observed for QI laminates tested in cryogenic
environments.
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monolithic failure. This was a common observation within all tested
specimens.

In Fig. 7, a plot has been made comparing the CTe ultimate
stress-strain failure of the laminates and the observed strain at damage
onset. By analysing the graph, it is observed that reducing the ply
thickness results in an upward shift of both the ultimate failure and
damage onset to higher strain values. However, it is only through
decreasing the ply angles that damage onset matches the ultimate failure
of the material. The onset of damage significantly influences the fatigue
properties of CFRP materials, as shown in [29]. If the damage onset is
shifted towards higher strain values, the material can withstand greater
loads for a longer duration, enhancing the reliability and longevity of
LH2 storage tanks. Conversely, an earlier onset of damage, as for 140-
Q1, could result in a much shorter fatigue life as soon as damage
onset is encountered. As fatigue life highly depends on damage onset,
eliminating/delaying damage onset, as for 45-Q2, would greatly
improve the durability of LH2 CFRP storage tanks.

3.3. Damage onset via SEM analysis

To support the damage onset method, a survey was carried out with
the CFRP laminates, submitting the accordingly specimens to 0.2 %, 0.5
% and 0.8 % of tensile strain at 77 K and subsequently analysed in SEM.
Fig. 8 exhibits the cross-section of the laminates after the progressive
tensile strain in CTe. In Fig. 8a, no sign of damage was observed at 0.2 %
tensile strain. Likewise, the stress—strain curves measured at 77 K never
exhibited signs of damage at this stage.

The SEM images of the laminates after a 0.5 % tensile strain in CTe
are shown in Fig. 8b. At this strain level, only the 140-Q1 specimens
exhibited matching signal shifts in the in-situ tensile testing and within
the SEM images. The pictures were able to reveal delamination spots
through the 140-Q1 laminate at this stage. At this strain range, part of
the 70-Q1 specimens showed signs of damage onset through the signal
shift. However, when searching for damaged spots through the SEM
images, no transversal cracks nor delamination could be found. A
possible explanation for this is that the material is indeed not yet
damaging, but instead the glue between the specimen and the tabs. This
could also cause a signal shift. Also, the SEM analysis conducted at RT
presents a challenge in detecting minor cracks, as the resin undergoes
volumetric expansion when transitioning from CTe to RT and can cover
minor signs of damage.

At a strain of 0.8 %, noticeable signal shifts were observed in all Q1
samples, while none were detected in the Q2 samples. These onset
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Fig. 7. Ultimate strain failure and onset of damage at 77 K as a function of the
ply thickness.
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signals matched the observed SEM images shown in Fig. 8c. These
delamination sites were predominantly evident within the 90° cross-ply
region, with clearer manifestations in the 140 gsm samples, some of
which were perceptible to unaided vision. Conversely, delamination
sites in the 70- and 45-Q1 samples were less pronounced, yet still crit-
ical, while no cracks were discernible in the 45-Q2 laminates. Although
close examination of certain images for the 45 g/m? laminate revealed
subtle indications of damage, distinguishing between damage spots from
the material defects and imperfections remained challenging. Thus,
assuming no damage onset to this system until its failure. Consequently,
an estimated threshold for the onset of damage in 77 K was established
as 0.5 % strain for the 140-Q1 laminates, 0.8 % for the 70- and 45-Q1
laminates, and 1.2 % (ultimate failure) for the 45-Q2 laminates, align-
ing with the trends observed in Fig. 5. Ultimately, the cryogenic-design
resin CEP proven to be resistant against transversal microcracks, as a
result from sufficient elongation to effectively transfer the stress to the
fibers even at CTe. Instead, delamination was the primary mode of
damage, localized within the 90°/+45° plies. For thin-plies and espe-
cially ultra-thin plies, literature reports show a similar trend of damage
mechanism. Wagih et al. [48] studied damage sequences in thin-ply
CFRP laminates during a RT impact event. Results showed that for
ultra-thin ply laminates, the first damage mechanism to appear is
delamination. Similarly, Sihn et al. [29] observed that as the number of
plies increases and ply thickness decreases, there is a tendency for
overall microcracking and delamination to decrease, with micro-
cracking being suppressed at a higher rate.

3.4. Simulation analysis

3.4.1. Interlaminar damage via cohesive surface

In Fig. 9, it is possible to see the interlaminar damage progression in
the different tensile strain (from 0.2 % to 1.2 %) for all different ply
thickness laminates under cryogenic conditions. An increase in stress at
the cohesive surface (e.g. 90°/445° or 90°/+67.5°) leads to the onset
and growth of damage at the crossply interface. When observing
micromechanics of tensile failure [41-43], the 90° ply interface is often
emphasized due to its critical role in damage initiation and propagation
under longitudinal tensile loading. This interface is prone to shear-
induced delamination. Thus, being the focus of study herein.

Delamination spots appeared to be triggered by local stress concen-
trations at the tabs and free edges, propagating further as the strain level
increased. The image clearly shows that thicker ply materials start
delamination failure early already at a strain level of 0.5 %, thus
matching the experimental results. Delamination grows sequentially as
the strain level increases, with the dissemination of damage appearing
much rougher compared to thinner ply systems, shifting the cohesive
failure towards higher loads. The 70-Q1 thin-ply material shows an
improvement in stress distribution, raising the onset of cohesive failure
to a strain level of 0.8 %. The 45-Q1 thin-ply exhibits a similar effect but
at even higher strain conditions. For the off-axis stacking configuration
of 45-Q2, delamination damage is not detected below 1.2 % of strain.
The Mises Stress indicates the regions susceptible to stress and yielding
given the tensile strain. As the stress increases, signs of damage and
failure within the material are seen more expressive, suggesting, for
example, the onset of delamination or crack propagation along the
interface. Ultimately, the graph suggests that the stacking configuration
significantly affects stress transfer, reducing and distributing concen-
trated stress, and consequently minimizing interlaminar damage within
the composite. This is especially important in CTe environments, where
embrittlement takes place. Although a continuous part (such as a storage
tank) may not exhibit free edges, boss and dome areas might also be
susceptible to stress concentration, thus encouraging this concept. The
evolution of damage simulated by the cohesive surfaces here matches
the indicators of damage onset behaviour seen in Fig. 5 and confirmed
through SEM in Fig. 8.
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a) 0.2% TENSILE STRAIN AT 77 K

Fig. 8. SEM images of the cross-section surface of CEP-IMA laminates after tensile strain at 77 K, with at least 3 specimens for each strain level: a) 0.2 %, b) 0.5 %,

and c) 0.8 %. Ply thickness and ply angle decrease from left to right.
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Fig. 9. Simulated cohesive element damage progression as a function of the strain at 77 K.

3.4.2. Damage and ultimate failure via whole specimen

In good qualitative agreement with the experimental behaviour seen
at the tensile in-situ testing, decreasing the ply thickness and adding off-
axis plies decreases significantly the residual stress and stress concen-
tration levels at the CFRP laminate. Such a change spreads stress and
damage into smaller and more dense concentrations throughout the
plies, making the failure less likely to happen at the tabs where stress is
localized. Instead, the sample behaves more similarly to a monolithic

system. Fig. 10 exhibits a simulation analysis of the stress distribution
comparison, from a whole-sample perspective, for all CFRP systems.
Thicker ply laminates tend to have stress concentrations at the tabs and
free edges. Reducing ply thickness helps distribute stress more evenly,
allowing the laminate to withstand higher strain levels. This could
reinforce the observed trend towards a monolithic failure mode, as
illustrated in Fig. 6. Additionally, the graph shows that the lower ply-
angled configuration Q2 improves performance by reducing residual
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Fig. 10. Simulated stress distribution progression as a function of the strain at 77 K in a whole-sample observation.

stress from the testing temperature. The limited damage observed in
thinner ply laminates is clearly reflected in the evolution of Mises stress
values with the material’s failure stress. Interestingly, the simulated
stress levels align reasonably well with the experimental in-situ damage
onset detected by signal shift (600-800 MPa). The fact that Mises stress
was seen often shifted towards higher values indicates that the models
were unable to fully capture the structural irregularities within the
fiber-matrix distribution, particularly in thicker plies. However, the
consistency in damage onset between the simulations and experiments
indicates that some of the observed effects of ply thickness can be
attributed to accurately representing the actual geometry, interfaces,
and kinematics of the problem.

The stress-strain behaviour obtained from experimental measure-
ments and FE simulations in 77 K environments was compared in
Fig. 11. The focus here was on observing the similarity of the stress—
strain curves. Experimentally, reducing ply thickness improved
stress—strain behaviour at failure, attributed to both crack size reduction
and structural regularity, without affecting the elastic modulus. Thinner
plies showed higher stress—strain failure, especially when transitioning

Tensile loading at 77 K
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Fig. 11. Experimental and numerical comparison of tensile stress—strain curves
at 77 K.
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from 45-Q1 to 45-Q2 with off-axis plies. Numerically, the same trend
was observed, with ultimate stress-strain failure increasing as ply
thickness decreased. However, numerical results consistently over-
estimated experimental values, likely because they overlook the effect of
the thin-ply manufacturing process. Despite this, the FE analysis
demonstrated strong agreement with experiments, offering reliable in-
sights for this study.

3.5. Leakage to damage relationship

The CEP-IMA material in the different ply thicknesses and stacking
configurations is shown in Fig. 12a as the raw data of the leakage vs
time. A small deviation in the magnitude of leakage rate is expected as
samples vary in thickness and pressure difference. Thus, Fig. 12b ex-
hibits the coefficient of permeability @, calculated according to Eq. (6),
at a plateau range (14 h), including the specimen leakage L, thickness t,
permeation area A, and resulting pressure difference AP (see [39] for
further details).

Pt

TAPA ©®

Insignificant differences were observed in the values of the leakage
measurements for unloaded and loaded specimens. The most notable
case of deviation, seen in system 140-Q1, falls within the range of
variation attributed to FVC and thus cannot be conclusively attributed to
damage onset. This indicates that the thin plies effectively suppressed
the formation of transverse matrix cracks, up to this load level, even at
the point of delamination. Similar results were found for thin-ply CFRP
materials tested in [5]. The onset of damage in these materials occurs as
delamination rather than transverse microcracks. As observed in the
SEM images (Fig. 8c), the laminates after 0.8 % strain were free of
observable transverse microcracks, which are typically considered a
primary source of leakage in the composite. Consequently, gas leakage
occurs through the in-plane direction of the material along the
circumference of the tank, making it undetectable on the opposite side of
the CFRP wall. Transverse cracks, positioned perpendicularly to the
wall, have a more substantial impact on the leakage of CFRP material. As
mentioned in [3,4], a connected path of damage should increase the
permeation levels in many orders of magnitude. Therefore, delamina-
tion damage is hereby insignificant (to some extent) regarding leakage.
The findings of [5] also indicate that thin-ply (0°/90° crossply in this
case) laminates could be loaded up to 1.4 % strain without significantly
affecting the permeation of the CFRP material, which aligns with the
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Fig. 12. Effect of pre-loading the CFRP laminates at 77 K up to 0.8 % strain on leakage as a) a raw leakage-time overview and b) a permeation coefficient at the time

of 14 h.

results obtained in this study.

Finally, Table 4 summarizes a few values of permeation coefficient
(or diffusivity) measured at RT reported in the literature for CFRP
composites. Note that the values presented here were obtained under
different experimental setups and conditions (such as gas type, pressure
difference, etc.). Despite these variations and the inherent deviations in
the data, the CFRP laminate studied here falls within the reported range
for CFRP composites. Further studies and discussions on gas perme-
ability in CFRP materials can be found in Saha and Sullivan [51].

4. Conclusions

This study investigated the effects of prepreg ply thickness and stack
configuration on the tensile damage onset and ultimate failure of CFRP
laminates in both RT and CTe environments. A method for detecting
tensile damage onset testing while in LN2 was proven effective when
combined with microscopy and simulation analysis. Additionally,
providing a comprehensive survey of CFRP testing in cryogenic condi-
tions is challenging, as factors like in-situ testing, damage analysis, FE
simulation, and gas permeation are often studied separately. This work
combines all these aspects, presenting a novel integrated approach. The
findings here provide valuable insights into how these factors influence
and are connected to the performance of CFRP composite laminates.

At 77 K, ultimate tensile properties such as modulus and strength are
improved, while failure strain decreases slightly. At RT, ply thickness
had minimal impact due to the ductile matrix compensating for
manufacturing irregularities and plastic radius restriction in thicker

Table 4
Comparison of permeation coefficient values for CFRP laminates of literature
works.

Permeation Coefficient /

m? st

Source Material

Current study (CEP- CFRP-epoxy [0/45/90/ 1.5-2.5 x 10712

IMA) 135],.56
Katsivalis et al. [5] CFRP-epoxy [0/90/0/90/ 5.2 x 102
0]

Flanagan et al. [49] CFRP-PEEK [45/135/04/ 5.2 x 101!
135/45]
Condé-Wolter et al. CFRP-PA [UD] 2.9 x 1073

[50]
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plies. However, at CTe, these irregularities had a more significant in-
fluence. Reducing ply thickness from 140 to 45 g/m? enhanced ultimate
failure stress and strain by 15 %, with an additional 25 % improvement
seen in laminates with off-axis ply configurations Q2. Similarly, damage
onset was significantly improved with thinner plies and lower ply angle
orientations. Whereas 140-Q1 laminates showed early damage at
0.4-0.5 % strain at 77 k, thinner 70- and 45-Q1 laminates delayed
damage onset to 0.7-0.8 %. The 45-Q2 laminate, with additional off-axis
plies, exhibited steady behaviour without damage onset until composite
failure at 1.2 % strain.

Subsequential microscopy analysis confirmed that delamination
onset occurred earlier in thicker 140 gsm plies (0.5 % strain) compared
to thinner 70 and 45 gsm plies (0.8 %). The 45-Q2 system, with off-axis
plies, showed no signs of damage, consistent with strain curves lacking
signal shifts associated with damage onset. Furthermore, FE simulations
supported the experimental results, showing that reducing ply thickness
and incorporating off-axis plies minimized stress concentrations and
delayed the global damage initiation. This stress distribution reduced
localized damage at the tabs and free edges, promoting a uniform and
monolithic failure mode. Although the model has limitations, it captured
the main effects of ply thickness on damage progression.

Finally, gas permeation tests revealed no significant increase in
leakage levels after loading the systems to 0.8 % tensile strain at 77 K.
Delamination damage was found to develop before transverse cracks,
preventing significant leakage paths through the laminate thickness.
Thus, delamination along in-plane fiber directions does not appear to
compromise laminate leakage or the functionality of the LH2 storage
concept.

In summary, this study demonstrates that optimizing prepreg ply
thickness and stacking configuration can significantly enhance the ten-
sile properties and damage onset resistance of CFRP laminates for
cryogenic applications. The results highlight the importance of regular
prepreg quality, reduced ply thickness, and well-designed stacking
configurations for improving the performance of CFRP materials, espe-
cially when oriented to LH2 storage tanks. Future studies should
investigate the impact of these parameters on the fatigue properties of
these laminates in cryogenic environments, offering valuable insights
into their behaviour under real-world conditions, particularly for LH2
tank applications.
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For the simulation analysis conducted in this study, the material properties of the epoxy matrix (CEP), the carbon fibers (HexTow® IMA), and the
composite laminate were employed based on data obtained from previous experimental studies in cryogenic environments. The specific properties
used for each component are summarized in Table 5. Notice here, the properties of the carbon-fiber are provided by the technical datasheet and were
not measured in CTe environments. However, considering the optimum molecular state of carbon-fibers, it is safe to consider insignificant change
given by the CTe environment [3,4]. To address potential issues with model stiffness, the penalty stiffness values for the cohesive elements within the

laminate were selected based on established guidelines of [52].

Table 5

Summarized properties of the matrix, fiber and their composite, utilized in this work for experimental

and simulation analysis.

Properties measured in CTe environments

Value utilized for the simulation analysis

Matrix elastic modulus

Matrix critical stress intensity factor (Kic)
Matrix compression strength

Matrix tensile stress at failure

Matrix tensile strain at failure

Elastic modulus of the fiber (at RT)
Fiber stress at failure (at RT)

Fiber strain at failure (at RT)

0° UD Laminate elastic modulus Ej;

0° UD Laminate stress at failure

0° UD Laminate strain at failure

90° UD Laminate elastic modulus Egs
90° UD Laminate stress at failure

90° UD Laminate strain at failure
Shear Modulus G5

Interlaminar toughness mode I (Gic)
Interlaminar toughness mode II (Gyc)
Interlaminar shear strength (ILSS)
Interface shear strength (IFSS)
Coefficient of thermal expansion 0° UD
Coefficient of thermal expansion 90° UD
Poisson’s ratio vy

Poisson’s ratio vy

Xe

Data availability
Data will be made available on request.
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