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1 Introduction and overview

Fibre reinforced plastics have found their first applications in aerospace struc-
tures at the beginning of the ’60s. First applications in military and com-
mercial aircraft concerned secondary structures, i.e. control surfaces, where
one of the first examples is given by boron- epoxy rudder in the F-4 Phan-
tom. If at the beginning glass fibres (and boron fibres for high strength
applications) have been adopted, carbon fibre composites have progressively
replaced them because of better strength and stiffness which new developed
CFRPs achieved and significant cost reduction in comparison to boron. Since
these first applications, and contemporary to the development of fibres and
matrix systems, the need for enhancing aircraft performances has promoted
an increasing use of these materials for aerospace structures. The importance
of composites has grown early in the military field and these materials have
been applied to primary parts, like for the wing box of the BAe Harrier,
already at the end of the seventies, to culminate with extensive use of non
metallic materials in new generation fighters. Civil aviation has resorted to
extensive application of FRPs only in the eighties and nineties when confi-
dence with these materials had grown enough after many years of application
in military structures. The application of CFRP to commercial aeroplanes
has been particularly pursued within the Airbus family in Europe, as early
as the first A-300 model came into service and progressively extended into
all new types. At the same time an extensive measurement campaign has
been carried out in the eighties to understand the behaviour of non metallic
materials and particularly CFRPs at cryogenic temperatures with the aim
to exploit their favourable strength to weight ratio for structures which shall
work at temperatures far below zero degree Celsius. These researches showed
that strength and elastic modules of CFRPs increase and thermal conduc-
tivity decreases as temperature is lowered (see Haberle [32]), making them
an attractive choice for cryogenic pressure vessels.
Application of CFRPs for Manufacturing cryogenic pressure vessels is a chal-
lenging task because it implies dealing with the overall behaviour of these
materials on a component level in cryogenic environment. Nevertheless many
research programs are running or are going to be started with this aim. Hy-
drogen integral tanks are foreseen for the future versions of the european
Ariane 5 launcher, as well as for future reusable launchers (Haberle, [32] and
Pfeffer, [60]). In the first case composites are seen as viable means to improve
performances and thus increase payload of the european launcher. The goal
of achieving a reusable space vehicle capable to put a payload into orbit, has
been pursued for more then ten years and gave the first push to the research
in the field of composite cryogenic tanks. While today expendable launchers
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Figure 1: Ariane second stage (left) and ”Phoenix” test vehicle, precursor of
the european next generation launcher

achieve a structural to gross take off mass ratio of about 10%, the require-
ment for reusable launchers lies considerably under this value. Beyond that,
reusable launchers must fulfil more stringent structural requirements than ex-
pendable rockets, deriving from the need to stress the structure for repeated
use, and carry additional provisions for recovery and reuse. If consistent
helps are expected from enhancements in propulsion technology, structural
improvements are mandatory and must rely upon the use of CFRPs for pri-
mary structures, like in the case of cryogenic tanks (Pfeffer [60]).
The aircraft and automotive industries are responding to the demand for
environmental friendly means of transports by considering hydrogen as fuel
for future passenger aircraft and cars. Additionally to the issue of pollution,
a second concern arises from the expectation of increase in fossil fuel price in
the next future, because of the increasing demand from the Asiatic market
and of the running out world reserves. For these reasons the European Air-
bus has carried out studies on the so called ”Cryoplane” under commission of
the European Union. If research is active in the aerospace field, progressive
efforts for achieving economically competitive terrestrial hydrogen vehicles
have been running already for decades. In this case requirements are very
different from those typical for the aerospace field. Boil off rate and tank
integration in the vehicle are topics where major efforts have been directed.
Because of liquid hydrogen low density compared to fossil fuel, a hydrogen
fuelled aircraft or vehicle will need a four time bigger tank volume at parity
of consumed energy. At the same time cryogenic liquids need to be stored
in pressurized vessels which need to have as lowest surface to volume ratio
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as possible in order to minimize heating of the fluid. Thus application of
carbon fibre composites seem to be an efficient measure to keep tank empty
weight reasonably low: they not only offer better strength to density ratio,
but may have synergetic effects in that their thermal conductivity, far lower
than that of metallic alloys, positively affects insulation mass. Directly con-
nected with these applications are basic questions about long time material
Behaviour, and hydrogen permeability. If most matrix systems seem to have
inadequate oxygen compatibility characteristics (see A. Denaro, D. Dosio, J.
Antonenko [10]) no drawbacks have been reported until now in applications
of CFRPs for hydrogen containment except for an insufficient permeability
characteristics. Anyway available data are limited because of the novelty of
the topic.
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2 State of the art - literature review

2.1 Composite cryogenic tank examples and testing

Materials used for cryogenic pressure vessels are today mainly metallic alloys,
like austenitic stainless steels or aluminium alloys. Some limited examples of
GFRP-steel hybrid tanks exist, but the full potential of reinforced plastics is
not yet exploited, because the metallic liner also carries a major percentage
of the structural loads and glass fibre stiffness is far from satisfying for struc-
tural applications. Metallic construction provides a high fracture toughness
even at liquid hydrogen and helium temperatures, the possibility to weld
the tank parts in order to manufacture a vessel which is impermeable to
the small hydrogen molecules and to apply well proofed manufacturing tech-
niques. The technology of metallic hydrogen tanks has been developed in
the United States starting from the fifties and in Europe some years later for
the respective space programs in which hydrogen is the standard propellant.
Outstanding examples of metal hydrogen tanks from the present generation
of launchers are those of the european Ariane and the Space Shuttle main
tank, for which an Aluminium- Lithium alloy has recently replaced the more
conventional 2219 Aluminium- Copper alloy, accomplishing 5% weight sav-
ing. Applications of hydrogen as fuel for atmospheric flight are very few: an
experimental program was conducted by NASA in the fifties, during which a
B-57 Camberra flew with a modified engine and a liquid hydrogen tank, also
of metallic construction (Brewer, [59]). A contemporary study (Reynolds,
[6]) stated the possibility to manufacture a metallic cylindrical tank for an
hydrogen fuelled aircraft. The tank would have weighted less than 15% of
the fuel weight and had a boil off rate less than 30% of the cruise fuel flow.
Despite several studies, the second and last test bed to be flown followed
only in 1988, this time in the former USSR, and since that further research
did not lead to the production of any hydrogen fuelled aircraft. European
contribution to the research in the field has grown in the last fifteen years and
culminated in the ”Cryoplane Project”, a complete system study for a hy-
drogen powered commercial aircraft family. The further steps of the projects
foresee the conversion of an Airbus A-310 and Dornier 328 into technology
demonstrators. Indeed none of them has been manufactured yet.
In the field of terrestrial vehicles most interest is given to boil off rate and
tank volume rather than to weight, because performances of road vehicles are
not so sensitive to weight as those of aircraft and spacecraft. Hydrogen tanks
for road vehicles have a metallic double walled construction with vacuum in-
sulation, which allows boil off rates of about 1.5% per day (Peschka, [57]).
This value, related to typical tank volumes of 150 litres and release pressure
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of 3.5 bar for gaseous hydrogen, corresponds to a time interval between tank
filling and the beginning of fuel losses of approximately 40- 60 hours. Car-
bon fibre composites offer in that regard a very low thermal conductivity
compared to metals which can increase the loss free time. Anyway the ap-
plication of liquid hydrogen to the automotive transportation has the major
drawback of its intrinsic danger: the fuel must be stored as cryogenic fluid
under pressure, thus research activities are not closed to other solutions. For
aeronautic and space transportation this seems to be the only way to achieve
the best compromise among weight and quantity of carried fuel, thus most
research effort is directed in the technology of liquid hydrogen tanks. Space
transportation in particular has been the motor of the multiple efforts of the
last decade to produce composite pressure vessels for cryogenic fluid con-
tainment. Aim of those programs was a considerable reduction in structural
mass of next generation space vehicles in order to enable single or two stage
reusable launchers to carry a reasonable payload. The first composite test
tanks to be manufactured have been monolithic pressure vessels, for which
it has been made use of intermediate modulus carbon fibres and toughened
epoxy systems (see Shimoda and Cantoni, [1] and Murphy, Lake and Wilker-
son, [2]). In reference [1] several lay up and filament wound tanks have been
manufactured and tested by filling liquid nitrogen and with additional GHe
pressurisation up to 0.98 MPa. Tank wall permeability has been measured
before and after the filling with liquid nitrogen and small differences in the
recorded data indicate a degradation due to thermal and pressure loads. Fil-
ament wound test tanks have been manufactured as well in order to check
suitability of this manufacturing process with respect to the requirements for
a cryogenic tank. Again leaks were detected after filling with LN2 in most
parts of the tank, although no pressurisation had been applied to the test
article. The thin adhesive layer added at the inner tank wall did not prevent
leakage as hoped. Murphy, Lake and Wilkerson report in reference [2] on the
production and testing of a similar test bottle. The tank was designed for
12 MPa burst pressure at LH2 temperature. Test pressure was successively
lowered to 2,2 MPa, because wrinkles in the composite wall had been found.
The test article has been subjected to 18 temperature and pressure cycles
and a room temperature leak test revealed no consistent leaks. Results on
this test tank are coherent with those achieved in previous works carried out
by NASA, as reported by Kessler, Matuszeski and McManus in [24], where
some specimen were cryocycled several times. The following room temper-
ature measurement had given the same level of permeability than reference
specimens which had not been subjected to thermal loads. At the end of the
nineties the NASA decided to manufacture a technology demonstrator for a
reusable launch vehicle, the X-33, which had to be equipped with two com-
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posite liquid hydrogen main tanks designed to carry the fuel under pressure
and contemporarily provide a path for the thrust loads to the above placed
liquid oxygen tank as well as to thermal protection system through its at-
tachment sub- structure. The tank was completely of sandwich construction,
for which chosen materials were intermediate modulus fibre reinforced epoxy
(IM7/977-2) for the facesheets and aramid- phenolic honeycomb core. The
design revealed unsatisfactory for the purposes and the tank failed during
the first cryogenic ground tests.

2.2 Permeability of fibre reinforced epoxies

The Failure of the X-33 hydrogen tank occurred after three fillings with liq-
uid nitrogen and one with liquid hydrogen during which tank pressure had
been risen up to 3 bar, corresponding to a tensile strain of 0.2% in the
facesheets. As reported in the final report (reference [4]), tank failure was
the result of several factors, initiated by penetration of gaseous hydrogen into
the sandwich core through the inner facesheet, due to micro cracks developed
in the composite facesheet under thermal and mechanical loads. Following
researches (Aoki, [14] and Rivers, [19]) came to the conclusion that combined
thermal and mechanical loads are responsible for micro cracking in CFRP
laminates which provides leak paths for the cryogenic liquid through the lam-
inate. The liquid contained in the tank can penetrate the tank wall through
these cracks and reach the outside. In the case of the X-33 hydrogen tank,
gaseous hydrogen accumulated in the sandwich core and increased the core
pressure causing debonding of the outer facesheet. Thus the main concern
related to CFRPs application to cryogenic tanks seems to be their gas per-
meability at cryogenic but also room temperature: if on one side early and
more recent material characterizations (Okada, Nishijma, Fujioka and Ku-
raoka in [17], Humpenöder in [18] and Kessler, Matuszeski and McManus in
[24]) did not point out any material property degradation and in particular
increase in permeability after temperature and mechanical load cycles, the
X-33 hydrogen tank disaster and successive leakage tests assess the contrary.
As more deeply explained in chapter 3 and 5, CFRP permeability to gas may
be the result of two distinct phenomena: intrinsic material permeability, due
to adsorption, diffusion and desorption phenomena, and occurrence of micro
cracks, that is openings in the composite material which may allow the liquid
to flow through the material. The first one is a temperature activated phe-
nomenon which can be described by the Arrhenius law (Humpenöder, [18]),
thus it decreases as temperature reduces. Despite this favourable trend, it
is not yet clear if CFRP permeability suffices for the purpose, that is if
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wall thickness resulting from mechanical design is always bigger than that
resulting from the permeability requirement. In case it is not, further mea-
surements of the relation between thickness and permeability must be carried
out in order to determine when permeability is the compelling requirement.
This question brings to the consequence that structural advantages, CFRPs
provide against metallic materials, may disappear except if a further gas bar-
rier is used. In this respect the complete thermo- mechanical load cycle must
be considered because gaseous rests of the previously contained cryogenic
liquid may progressively penetrate the tank wall during those operational
phases when the tank is empty and relatively hot.

2.3 Microcracks and failure criteria

The second phenomenon, that is micro cracking, may occur as result of the
superposition on ply level of thermal and mechanical stresses. In this case
inter fibre cracks develop in plies which fibres are place with a rather big
angle respect to load direction and provide paths trough which the fluid may
escape the tank. The so called micro cracks do not significantly affect fibre
dominated laminate stiffnesses (Boniface, Smith and Bader, [29]): degrada-
tion of stiffness is often of one or two percent for HT fibres, thus of the same
order than measurement uncertainties. For IM and HM fibres this variation
must even be under the detectable threshold. Furthermore cracks open when
thermal load causes the matrix to contract, thus their effect on permeability
may be important especially at cryogenic temperatures (see Okada, refer-
ence [17]). The issue of micro cracking is a concern for several aspects of a
composite structure in general, and still more important in case of cryogenic
applications. Starting from the design phase, adequate models must be avail-
able to allow the designer to correctly analyse the new structure and describe
the influence of the several design parameters. This is the case for stiffness
and stress analysis of laminates, but strength prediction is still hindered by
the absence of a theory able to describe the complex behaviour of CFRPs.
The several failure criteria which have been developed in the last thirty years,
like the Tsai- Hill, Hoffman or Puck, are obtained by testing UD plies under
combined loads and can not describe the complex interactions occurring in
laminates when plies having different orientation are present. A large num-
ber of papers address this issue, starting from the very initial work of Parvizi
[50] on GFRPs, but also the more recent contribution of Boniface, Smith and
Bader ([29]) on CFRPs, in which first ply failure of cross ply laminates is
experimentally determined. All these works investigate the onset of (micro)
cracks in the 90o layers of [0on/90om]s laminates under unidirectional tensile
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load. They all assess an influence of the thickness ratio between 0o and 90o

plies on the crack onset load. As the 90o ply becomes thinner the crack onset
load increases such that for very thin transverse plies it may exceed laminate
ultimate failure load. In other words they state that strength perpendicular
to fibre direction is not anymore a ply property, but a laminate property. For
that reason the very basic principle behind classic failure criteria, that is that
strength is an intrinsic ply property, seems not to be valid. According to these
authors, crack onset stress is progressively delayed to higher values as 90o

ply thickness decreases and may be completely absent when angle plies are
very thin. In this case quasi static fibre failure is not preceded by inter fibre
cracks. Analytical models developed to describe FPF in cross ply laminates
essentially resort to a fracture mechanics approach, in which a crack forms
and grows when it is energetically favourable (Boniface, Smith and Bader,
[29], Brown, [35] and Parvizi, [50]). This models assume that the forming
crack spans the entire ply thickness and width and spreads instantaneously
when the total change of elastic energy of the system, due to crack forma-
tion, is bigger than the energy release rate. Based on that, an approximated
expression of the stress field in the uncracked and cracked laminates is de-
rived and the energy balance is then calculated. Because stress distribution
in the cracked laminate depends on the surrounding constraining plies, this
approach is able to find a dependence of FPF load on the thickness and stiff-
ness ratios between the 0o and 90o plies. The accuracy of the model depends
on the accuracy of the modelled stress state, which is accomplished mainly
following either a shear lag model or a variational approach. The first one
is more versatile, being able to treat not only cross ply laminates, but leads
to less accurate state of stress. On the contrary, the variational approach is
able to consider out of plane stresses, but it is limited to cross ply laminates.
In both cases the approximation of the state of stress is always limited to
few laminate types and external load combinations, that is of little help for
laminate design. Secondly, It has been questioned (see Boniface, [29]) that
the fracture mechanics approach is really able to model FPF in all cases,
because cracks seem to be propagation rather than initiation controlled in
very thin plies. Thus assumption of a instantaneous spreading of the crack is
not true in this case. Third, theories modelling constraining effects in lami-
nates are based on a failure parameter, the energy release rate, which is still
a ply property. Thus a strength approach based on more accurate laminate
stress modelling, than the classical laminated plate theory, may also be able
to describe such effects. This is the case of the new strain failure criterion
proposed by Gosse and Christensen ([52]), who identified a failure surface
in the space of the principal strains which may be able to describes matrix
crack onset in angle ply laminates. The criterion needs a very precise deter-
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mination of the state of strain in the matrix, thus a three dimensional micro
and macro mechanics finite element analysis is needed.
Although the effective laminate behaviour in case of two dimensional load,
as in a tank, may sensibly differ from the one occurring when unidirectional
tensile load is applied, the occurrence of some sort of constraining may cause
too conservative predictions when classic failure criteria are used for calcu-
lations. Consequently the need for more precise theories describing laminate
first ply failure, when it does not coincide with last failure, are of vital im-
portance for the application of CFRP to cryogenic tanks. The problem of
micro cracks occurrence must also be seen from the point of view of tank
service life. In this case static properties may not be representative of the
long time behaviour and even if constraining effects are really effective in
the short time, they may no longer be active against repeated thermo- me-
chanical cycles. This is especially true in case of thin plies: if cracks are
propagation controlled when ply thickness is small, they could increase in
size at each load cycle until a complete leakage path forms.
Characterization of CFRPs cryogenic fatigue has been carried out both on
UD and cross ply laminates. Kessler, Matuszeski and McManus (reference
[24]) test some IM7/977-2 samples under limited number of thermal cycles
spanning the range 20 up to 400 Kelvin without any detectable property
degradation or micro crack formation. A higher number (500 - 2000) of ther-
mal cycles has been carried out by Eggers, Hartung and Knaak in [22] on
T300/914C cross ply laminates, subjected to shock cooling in liquid nitro-
gen. Their result is in contrast with that of Kessler and they report crack
occurrence in all layers. In a more recent paper ([21]) Yokozeki, Aoki and
Ishikawa test cryogenic permeability of IM6/#133 tubular specimens and
find very poor impermeability characteristics even without mechanical strain
in the specimen. When they apply a tensile strain to the specimen, they
find a direct relation between strain and leak rate. Hübner ([34]) carries
out a more thorough investigation of cryogenic fatigue behaviour on several
fibre/matrix combinations, among which normal and toughened epoxies and
PEEK combined with T300, AS4 and HTA fibres. By testing crack occur-
rence in cross ply laminates under cycling load he finds that cracks form
after the first hundred cycles in all specimens even if cyclic load does not
exceed the fatigue limit. Brown ([35]) investigates micro cracking occurrence
in cross ply and QI laminates under thermal cycles. He tests several epox-
ies (Fiberite 934 and ERL 1962) and cyanate ester together with PAN and
Pitch based carbon fibres. His conclusions are that the number of cracks
grows very rapidly in laminates having thick plies and very slowly in those
with thin plies. Nevertheless the final crack density is higher when plyies
are thin. From the point of view of material choice, PAN fibres and cyanate
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ester show the highest resistance to micro crack formation.
Following researches are trying to solve the problem of permeability princi-
pally by means of additional layers which should act as barrier for hydrogen.
In reference [11] room temperature permeability of some suitable materials
is measured in order to make an adequate choice. Anyway the application
of a gas barrier, besides increasing manufacturing costs, presents some other
points which have to be considered. Material properties itself must be proper
for cryogenic applications, starting from failure behaviour. Compatibility
with the cryogenic fluid must also be demonstrated, that is its influence on
material properties must be negligible during the whole life of the tank. If the
barrier sheet is laminated with the CFRP, thermo- mechanical compatibility
must be satisfactory. Again the long time (repeated cycles) behaviour is a
major issue. A last point to be introduced concerning composite cryogenic
tanks is that of joining and manufacturing techniques. If welding is the nat-
ural choice for a metallic tank, because it provides impermeable joints, this
technique can not be applied to thermoset composites, for which bonding rep-
resents the alternative. In no case normal rubbers or even metallic gaskets,
which may find application in metallic tanks, are suitable to be used at such
temperatures together with composites because of the huge difference in ther-
mal expansion coefficients. Even when the tank is manufactured by filament
winding, fittings and joints to the surrounding structure must be bonded or
in- laminated to the tank. In tanks manufactured with prepregs the sev-
eral parts must also be bonded together, like in case of the X-33 hydrogen
tank. Limited data on adhesive joint behaviour and only for temperatures
around 0oC or little lower are available in the literature: Adams, Coppendale,
Mallick, Hamdan ([63]), Fischer and Schmidt ([66]) report an initial increase
in strength as temperature is lowered. At the same time intrinsic material
properties, like strength and moduli are known to considerably increase for
plastics at cryogenic temperatures (Hartwig, [27]). However as thermal load
becomes more important, strength of bonded joints stops increasing. For
these reasons measurements of the effects of temperature on bonded joints
should be extended to very low temperatures.

Open questions - research tasks

The complexity of this topic is underlined in the preceding literature re-
view. All aspects of structural thermo- mechanics, structure design, some of
material and cryogenic sciences are of interest for the purpose and need to
be investigated. Exhaustive treatment of all them exceeds the possibilities of
a single research work, thus attention will be focused on CFRPs failure be-
haviour at cryogenic temperatures, their permeability and the issue of micro



2 STATE OF THE ART - LITERATURE REVIEW 11

cracking. A list of points, to which this work tries to find answer, follows.

1. Measurements of material CFRPs intrinsic permeability at cryogenic
but also at room temperature are needed to estimate the minimum
thickness needed to satisfy permeability requirements

2. The relation among thermal stress, mechanical strain leak rate for
CFRP laminates. It is necessary to assess at which mechanical strain
cracks begin to form in a laminate under a two- dimensional stress
state, like in a real tank. How these cracks influence permeability at
cryogenic but also at room temperature

3. In order to accomplish points 1 and 2, a test set up capable of repro-
ducing the cryogenic environment, a bi- dimensional state of stress and
allow measurement of permeability must be developed.

4. The question if CFRPs, in case of static load, can provide weight sav-
ings compared to metallic construction should be answered

5. The possibility to make numerical predictions on laminate strength
based on the new failure theories must be investigated both in case on
uni- directional and bi- directional load

6. If point 4 has a negative answer it is necessary to investigate the pos-
sibility to increase composites impermeability by means of gas barrier.
These can be in the form of a film (liner) or of particular ”ad-hoc” layup
made of different fibres/matrix combination or other fibre volume per-
cent (Discrete Gradient Material). In case of a liner, it is necessary to
understand which materials are suitable and if they can be successfully
in- laminated and work at cryogenic temperatures without break or
debond under the thermal load

7. If 4 has a positive answer, it is necessary to investigate the behaviour
under repeated cycles. When do micro cracks nucleate under thermal
fatigue and how does permeability increase with the number of thermo-
mechanical cycles?

8. Concerning bonding techniques, an assessment of the influence of ther-
mal load at very low temperatures must be carried out.
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3 Discussion of tank requirements

3.1 Introduction

Hydrogen is liquid at the temperature of 20,268 Kelvin, at atmospheric pres-
sure, namely a lower temperature than that at which air liquefies. As liquid it
exhibits a very low density in comparison to fossil fuel. Its molecule is smaller
than any other, with the exception of helium, being but the lightest, having
a molecular weight of only 2. In addition hydrogen is very reactive with
oxygen, being flammable in concentrations which range from 4 to 76% and
it tends to embrittle some metallic materials by penetrating their crystal lat-
tice, although hydrogen embrittlement is a thermally activated phenomenon,
which takes place at high temperatures. The following table 1 shows a com-
parison among several fuels. In comparison to gasoline, hydrogen has a 2.8
times higher heat value, which means that, in order to produce the same

LH2 LCH4 Gasoline Synjet
Molecular 2,016 16,04 114 168

weight
Liquid 0,071 0,423 0,7-0,74 0,8
density
[g/cm3]
Boiling 20,27 111,7 473 440-540

point [K]
Specific heat 9,69 3,5 7 1,98

at
b.p. [J/Kg]
Lower heat 33,3 13,8 12 11,9

value
[Kwh/Kg]

Table 1: Physical data of several alternative fuels

work produced by a mass M of gasoline, the mass of needed hydrogen is 2.8
times lower. On the contrary, liquid hydrogen density is 10,4 times lower than
that of gasoline, that means that the volume of hydrogen is almost 4 times
bigger (still at parity of work done). This volume can be only slightly re-
duced by increasing storage pressure, if structural drawbacks are admissible,
because liquid hydrogen compressibility is limited (see table 2 for compari-
son). In conclusion, if synergetic effects are not considered, a hydrogen car
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T [K] P [MPa] ρ [Kg/m3]
20,4 0,1013 70,784
22 0,1585 68,72
23 0,2039 67,414
24 0,2579 66,01
27 0,48 61
30 0,8116 53,93

33,18 1,313 31,428

Table 2: Liquid hydrogen pressure and density at several temperatures from
[59] (saturated liquid)

or aeroplane will carry a less weight of fuel but 4 times bigger volume than
a conventional one. Actually because of the lower fuel weight, an hydrogen
aircraft will weigh less, require smaller wing area than a conventional one,
thus affecting again fuel weight. This synergy is probably less visible in a
road vehicle, where weight considerations are not of primary importance. On
the other side, because hydrogen is a cryogenic liquid, its storage is not easy,
being implemented in thermally insulated pressurised containers in order to
avoid uneconomical high boil off rates.

3.2 Thermomechanical requirements

As seen, storage temperature ranges in the 20-23 Kelvin (−253oC : −250oC)
interval, according to tank pressure. Heat inputs continuously transform
liquid into gas, and thus increase inner pressure. Starting from a certain
pressure, which is design chosen, gas begins to flow out through opening
overpressure valves. The leak free time is the time elapsing between the
filling and the moment at which overpressure valves open. Beyond this mo-
ment, the amount of hydrogen lost per day is called boil off rate and is solely
function of insulation effectiveness. In case of leak free time, maximum op-
erating pressure and insulation effectiveness are the interacting variables in
determining its value: the more efficient the insulation, the longer leak free
time is at a given operating pressure. Their allowable values are function of
the application, materials and applied technologies. Typical design values
are shown in table 3, and briefly discussed here. Insulation efficiency will be
taken as fixed value, being discussion on insulation technology out of scope
in this work.
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Vehicle type Leak free Lower pressure Upper pressure
time [hrs.] [bar] [bar]

Private (car) 40-60 1,5 5
Commercial (bus) 10-20 1,5 5

Commercial aeroplane 5-10 1,5 2

Table 3: Comparison among leak free time, upper and lower tank pressures
for several categories of vehicles

Tank operating pressure influences leak free time rather than the amount of
stored fuel, because, as shown in table 2, liquid hydrogen compressibility is
modest. Thus operating pressure should be higher where a high leak free
time is desired. This is the case of private road vehicles, which generally
undergo an irregular use. A leak free time of about 40 - 60 hours is desired
in this case [57], for there is the eventuality for a private vehicle to remain
long time parked in poorly ventilated environment. Today vapour cooled
super insulation is capable of limiting pressure build up to 0,03 bar/h, this
means that operating pressure should be not smaller than 3,5 bar (if initial
pressure is 1,5 bar after filling up the tank), but with 4 -5 bar as usual goal,
due to safety reasons. Higher operating pressures increase leak free time, but
they are not chosen again because of safety reasons, particularly in case of
accident. The requirement for commercial vehicles is less stringent, because
their use is much more regular, thus after filling, hydrogen is consumed over
the 24 hours. Same considerations can be applied to commercial aircraft,
which after tank filling, are not expected to wait long time on the ground
and, anyway, not without running engines.
Tank pressure requirements are defined by the two limiting pressure values.
Requirements concerning the lower pressure value are determined by the need
of preventing air from flowing into the tank, where it would freeze as soon
as in contact to liquid hydrogen. In doing that, it could plug tank feed or
outlet lines. As consequence lower pressure value must lie enough above at-
mospheric pressure. A value of 1,5 bar is considered as sufficient.
The upper pressure extreme is more application dependent. As already seen,
leak free time is an important issue in road vehicles, while tank weight is of
secondary importance, thus pressure can be risen up to 5 bar. From that
point of view a high pressure tank, having operating pressures in the order
of 500 bar, is also an alternative because it may allow a considerable increase
in leak free time. Nevertheless the aspect of passengers’ safety in case of
accident banish it to a second choice and thus it will not be considered here.
Leak free time is less important in aerospace applications, because aircraft
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undergo a more regular employment, but structural weight is to be min-
imised. Thus upper pressure boundary should not exceed 2 bar ([57] and
[58]), being a 0,5 bar margin between the two extremes a mean to prevent
vent valves from immediately opening after tank has been filled.
Concerning fatigue life requirements, cyclic loads have to be evaluated. Two
sources for repeated loads are present: thermal shocks due to cooling and
re-heating as tank is empty, and hydrogen storage pressure (structural loads,
as occurring in an aircraft integral structure are not considered here). The
occurrence and combination of these two load cases is strongly dependent on
the application.

Vehicle type Mechanical Thermal cycles Life (years)
(pressure) cycles

Private car 5500 5500 15
Commercial 10000 / 25
aeroplane
Reusable 700-1500 700-1500 25

launch vehicle

Table 4: Comparison among cyclic loads/fatigue life for several categories of
vehicles

Pressure cycles depend exclusively on the number of years and frequency of
use of the vehicle under consideration. Table 4 shows typical life requirements
for several means of transport, concerning number of mechanical (pressure)
and thermal cycles.
In case of road vehicles the same number of thermal as pressure cycles must be
assumed, because of the irregular use they would undergo. This assumption,
backed up by the relatively small thermal mass of a automotive tank, implies
a complete heating up to room temperature between two successive fillings.
Service modality for a commercial aeroplane are different. First, it will fly
nearly every day, in order to maximise profit, and thus the number of tank
filling is of the order shown in table 4. Nevertheless, because of the much
bigger thermal mass, allowing the tank to heat up to room temperature could
not be operationally and economically efficient (see functional requirements).
For these reasons a smaller number of thermal cycles is expected. This
measure further spares the structure and reduces filling time for the huge
tank volume. A mean to accomplish it is by leaving some liquid hydrogen in
the tanks, which would not be emptied and thus heat to room temperature
unless for maintenance purposes. The same expedient could be applied to
automotive vehicles for commercial use, i.e. busses, at least partially by
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filling it with liquid nitrogen, in order to reduce filling costs, although the
effectiveness of the procedure is to be evaluated, as the mass to cool down
(tank mass) and thus expended liquid is sensibly smaller than for an aircraft
tank. The requirement for a space launcher is, in this respect, of an order
of magnitude less stringent. A time interval of one-two weeks between two
successive launches is expected ([4], [57]), therefore number of thermal and
mechanical cycles will be equal, being such a procedure of keeping tanks at
cryogenic temperature, as for a commercial aircraft, meaningless because of
the long time elapsing between two consecutive flights.

3.3 Permeability requirements

3.3.1 Leak rate

Tank wall shall be impermeable to hydrogen molecules, in order not to let fuel
escape. For the purpose of the present section, leak rate will be introduced
as physical quantity and a requirement for a hydrogen tank will be derived in
dependence of its life requirement in number of years. For further comments
on material permeability refer to chapter seven.
Impermeability of a material may be determined by measuring the leak rate
flowing through a specimen made of that material. Leak rate is defined as
the quantity of fluid (in number of molecules) flowing through the material
per unit time. Taking figure 2 as reference, let V1 be the volume where all
gas molecules, flowing through the tank wall, are collected.

Tank inner
volume

Collection
volume (V )1

Tank wallTest gas

Figure 2: Molecules flowing through the tank wall are collected in a reference
volume, V1. The slope with which pressure increases in the collection volume
is a measure of the leak rate

These molecules cause pressure in volume V1 to increase. The slope with
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which pressure increases in a volume is a measure of the leak rate through
the wall delimiting it. Thus dimensions for leak rate (LR) are:

LR =
Pressure ∗ V olume

Time
(1)

Because of the very low values with which one has generally to deal, pressure
is measured in millibar, time in seconds and the reference volume is in litres,
giving the mbar∗litre

sec
as leak rate unit. It follows that a unitary leak will

produce in a one litre volume a pressure increase amounting to one millibar
every second. Because leak rate is a function of pressure difference between
the tank inner volume and collection volume, it tends to decrease with time
as pressure in the collection volume builds up. Anyway, measurement is
limited to time intervals during which pressure in the collection volume is
negligible in comparison to that in the vessel, that is to very small leaks, for
long time, or very small time periods for big initial leaks.
Leak is also a function of total surface through which the fluid can flow. Thus
material permeability must be referred to a unitary surface.

3.3.2 Leak rate requirements

Automotive

In case of a double walled super insulated tank for automotive application,
leaked hydrogen collects in the volume between inner and outer vessels, where
the insulation is placed, and affects insulation effectiveness by degrading vac-
uum. Because tank replacement or some kind of extraordinary maintenance,
like half life vacuum pumping, are not expected during the whole service life,
vacuum has to be kept for the whole life of the pressure vessel.

f 800

f 900

4
8

0

LH2

MLI V1

Figure 3: DLR automotive flat
cylinder tank scheme

Tank collection 117
volume, V1 [Litre]

Inner wall 2
area, A [m2]
Admissible 1, 33 ∗ 10−4

∆ P [mbar]

Figure 4: Approximate geomet-
ric data for the inner tank wall,
inter wall volume and admissible
pressure rise
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A representative automotive tank section is shown in figure 3 and taken
from [57]. Its approximate dimensions are used to calculate the admissible
leak rate through the material, and summarised in figure 4. Volume V1 is
that between inner and outer tank wall, which is partially occupied by the
multilayer insulation, wound onto the inner tank. Tank service life is shown in
table 4, while the admissible pressure rise is taken from reference [57] as well
and corresponds to the threshold pressure for efficient multilayer insulation
functioning: for pressures above that value, heat leaks begin to sensibly rise.
The admissible leak rate is calculated as follows:

LRADM =
∆P · V1

Time
=

1, 33 · 10-4 · 117

236 · 106
= 6, 6 · 10-11 mbar · litre

second
(2)

This value corresponds to the total leak through the inner tank wall, which
surface is A. The correspondent value for unitary material surface is:

ULRADM =
LRADM

A
= 3, 3 · 10-11 mbar · litre

second
(3)

This value is only indicative of the acceptable order of magnitude. Several
possible methods could help increasing allowable leak rate: for example vol-
ume V1 may be (slightly) increased and/or some adsorbing material may be
placed between the two walls in order to keep vacuum even if gas molecules
are flowing through the tank wall.

Aerospace application

As in the case of automotive vehicle, leak rate requirement depends on the
insulation concept. In fact the gaseous hydrogen flowing through the tank
wall will be collected into the available space between tank inner wall and
insulation (tank) outer wall. Because of maintainability reasons, MLI insula-
tion is not to be used in aeronautic application, thus the two more promising
insulation concepts are microspheres - vacuum insulation and closed cell foam
insulation [59]. With reference to the first solution a leak rate requirement
can be derived, by the same procedure used in the previous section. The
considered tank geometry is a 2,3 m radius, 8 metre long cylinder, which
well represents a commercial aircraft hydrogen tank. Insulation properties
and representative tank size are taken from [57] and [59] and shown in table
5 together with the leak rate allowables. Calculation are carried out by the
same procedure as in previous section. For computation of total lifetime a
12 hour flight per day and 250 day/years have been considered.
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Application Commercial aeroplane RLV (X-33)
Insulation type microspheres vacuum

Collection volume 2700 3000
V1 [Litre]

Inner wall area 148,85 132
A [m2]

Admissible ∆P , [mbar] 0,0133 1
Unitary leak rate 9 · 10−10 2, 9 · 10−8

[mbar·litre
sec

]

Table 5: Approximate geometric data for the inner tank wall, collection
volume, V1, admissible Pressure increase and unitary leak, in case of micro-
spheres and evacuated honeycomb core insulation

The liquid hydrogen tank for the X-33 experimental RLV has been chosen as
example of aerospace application. In that case the hardware is a sandwich
tank, whose evacuated core provides the insulation as well. Tank geometry
is taken from [4]. Admissible pressure has been choosen in order to keep
hydrogen concentration low enough to be able to neglect its conductivity,
being aramid core thermal conductivity the term of comparison. Allowable
leak rate is again not stringent in comparison to the other two examples.
The reason is the few number of flights and short duration of a flight in
comparison to a commercial aeroplane. Furthermore, for such a vehicle like
a RLV, vacuum pumping of the sandwich core before a mission start could
be a feasible measure, while it could hardly be axcepted for a commercial
aeroplane, because of safety reasons and operational costs. In case of rigid
foam insulation, vacuum is not required because insulation properties do not
depend on it. The allowable leak rate depends on structural behaviour as
following. An impermeable sheet must protect the outer insulation in order
to avoid moisture penetration, which would solidify and break the foam. As
hydrogen penetrates the insulation material it exerts a pressure on the inner
side of the outer impermeable sheet. This pressure must lie far below the
peel stress. Quantification of this pressure value is dependent on material
combination and bonding techniques, thus it can not be generalised.

3.4 Functional requirements

Functional requirements are principally driven by the very low temperature
at which liquid hydrogen must be stored. This is lower than nitrogen and
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oxygen solidification temperature, thus no air can be inside the tank as it is
filled, in order to avoid possible obstruction of tank openings through solid
nitrogen or oxygen. Presence of oxygen must be avoided also for the reason
of possible formation of dangerous mixtures which could ignite. Thus all air
must be purged by application of gaseous helium before filling with liquid
hydrogen. A mixed procedure in which gaseous helium or nitrogen at first
and gaseous hydrogen in a second stage are applied is also possible. The
applicability of this requirement is to consider in conjunction with the type
of vehicle under consideration. Again, if in case of aerospace applications
stepwise filling can be accepted, a road vehicle tank is not suitable for a
complicated and long- lasting filling procedure, because operational costs
shall be affordable for private customers. In connection to tank fatigue life,
the need to inspect and maintain the tank must be considered. In that
respect the differences existing among the several type of vehicles are even
more pronounced. Fuel tanks must be routinely inspected in commercial
aeroplanes, for the duration of the whole service life. Furthermore insulation
must be easily reparable, possibly without removing the entire tank from the
aircraft. This requirement is less severe for a reusable launcher, because of
the smaller number cycles and lower frequency of use. Completely different is
the perspective for a road vehicle tank, which is not expected to be replaced
or even only checked during the whole life, if maintenance costs have to
remain as close to those for gasoline vehicles as possible.
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4 Tank shape and basic concept

4.1 Tank shape

Tank shape is driven by three principal requirements, that is, weight, boil off
rate and bulk, the importance of which is also related to the type of vehicle
considered. Spherical shape provides the best empty to loaded weight ratio,
that is the lowest tank structural mass for a given mass of hydrogen to be
carried. Sphere is also optimal for minimising heat loss in that its surface
to volume ratio is the smallest among all possible shapes. Drawback is the
difficult integration into an aerodynamic profiled geometry, which leads to
a low volume efficiency. As consequence, the available volume inside the
vehicle is poorly exploited, thus the aerodynamic body must be much bigger
than needed for a given hydrogen volume. Cylindrical or truncated conic
shapes can be easier integrated in aerodynamic bodies. They still offer good
structural efficiency because stresses are still free from bending components
except in the regions where the end domes are applied. For these reasons
these shapes are usually chosen for application to commercial aeroplanes or
reusable launchers, while spheres is used in expendable launchers oxygen
tanks. Other shapes lead to heavier tanks because considerable bending
stresses occur in them, thus they are not taken into consideration where
structural mass is to be minimised. Advantage of a so- called conformal
shape is the possibility to better exploit vehicle inner volume to place the
tank, when the penalty in term of weight can be borne. In road vehicles, for
example, weight is not of primary concern, but tank shape should allow the
most efficient exploitation of vehicle inner volume. In case of private vehicles,
being the tank often placed in the boot behind the rear seats, it should be
profiled in a manner to follow the contour of the rear seats.

4.2 Tank basic concepts

Some tank basic concepts are briefly discussed here based on the previous
requirements. The principal aim of this paragraph is that of showing the
typical features of a liquid hydrogen tank as reference to treat a non metallic
or hybrid tank concepts. Cryogenic tanks may consist of one or two vessels,
according to the requirements for the insulation. In the single walled tank
the unique tank wall bears inner pressure and provides a load path for the
inertial loads. The insulation is than applied to the outer side of the tank by
direct bonding, when consisting of rigid foam (see figure 5).
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Tank wall

Fail safe
straps

Fuselage
shell

Insulation

Figure 5: Single walled tank
concept for Commercial aero-
plane(from [57])

Figure 6: Automotive double
walled tank concept (from [56])

A double walled tank is shown in figure 6. It consists of an inner vessel,
and outer vessel and an in- between placed insulation. The inner vessel is
responsible for the containment of the fluid and provides load paths for the
inertial loads acting on the fluid. The outer vessel is mainly responsible for
the delimitation of the outer boundary of the vacuum region, in which a
multi- layer insulation (MLI) may be placed. Joints between the two vessels
represent thermal bridges, but are needed to provide necessary load paths to
the outer structure. This type of tank represents the most efficient from a
point of view of the insulation, but it is also more expensive.

Inner shell

Outer shell

Sandwich

core

Figure 7: Sandwich tank section

A variant of the double walled tank
is the sandwich tank (see figure 7),
in which the space between inner
and outer wall is filled by a core.
That can be a evacuated honeycomb
or a rigid foam, exerting the func-
tion of thermal insulation. Like
for a non cryogenic structure, the
sandwich tank represents an effec-
tive mean to reduce weight in case of
integral structure, in which the tank
wall has the two functions of carrying the fluid and providing load paths for
the inertial loads to the rest of the structure, that is the tank is an active
part of the load carrying structures.
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5 Tank base materials

5.1 Fibre reinforced materials

5.1.1 Introduction

The term fibre reinforced plastics (FRPs) identifies a class of materials com-
posed of two constituents: fibres and matrix (identified as plastic). Fibres
provide the high strength and stiffness while the matrix fulfil the tasks of
protecting fibres, transmitting load through the fibres and fixing the fibres in
a given geometry. Reinforcing fibres are available as short (chopped) or long
(continuous) fibres, but only the last ones are of interest for high strength
applications. Materials for high strength fibres are glass, carbon or polymers
(Aramid). Glass fibres, which are composed of quartz, were the first to be ap-
plied, but their low stiffness represents a major drawback. Carbon fibres are
the type of main interest because of their high specific strength and stiffness
and they will be further discussed in this work as candidate for cryogenic tank
applications. They are available in several grades which offer high strength
or modulus. Aramid fibres are the most successful example of polymeric fi-
bres and are characterized by a very high toughness which make them the
material of choice for manufacturing armoured vests, but their lower stiffness
than carbon fibres make these latter the preferred in structural applications.
Epoxy is the typical and widespread matrix material in aerospace structures.
It belongs to the category of thermoset plastics, that is, those polymeric
materials available as viscous fluid at room temperature and which develop
polymeric links when they are kept at a high temperature for a defined time
(curing). The final state is a linked amorphous state. CFRPs are available in
several semi-finished forms mainly characterized by fibre direction, weaving,
and presence or absence of matrix (in the latter case the fluid matrix is in-
troduced during the lamination process). But the characteristics of the final
material also depend on the lay- up parameters, which change according to
the needs. Thus the single unidirectional layer is generally taken as reference
when material properties are listed. The same will be done in the follow-
ing paragraphs, where mechanical and thermal properties of typical CFRPs
will be illustrated at room and cryogenic environment. These unidirectional
sheets are characterized by two in- plane principal directions, namely the
fibre and the perpendicular- to- fibre (or transverse) directions, exhibiting
very different property values both at room and at cryogenic temperature.
In fibre direction fibre properties dominate, while in the perpendicular direc-
tion the matrix has a stronger role.
A thorough investigation on CFRP laminates will be carried out in chapters
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6 to 8. There, thermomechanical effects on whole laminate strength and
permeability will be examined both theoretically and experimentally.

5.1.2 Material properties

Tables 6 and 7 show the most important mechanical and thermal material
properties at room and cryogenic temperature (respectively RT and CT) for
typical CFRPs. Strength and stiffness increase both in and perpendicular
to fibre direction as temperature is decreased, although the matrix domi-
nated properties exhibit a stronger temperature dependence than the fibre
dominated.

Material T300/Epoxy T700/Epoxy M40/Epoxy IM7/8552
σparT RT 1600 2140 1000 2700
[MPa]
σparT CT 1800 2460 1240 2700
[MPa]
EparT RT 124 145 225 176

[GPa]
EparT CT 133 144 233 188

[GPa]
Integral CTE 0,16 0,16 -0,52 -0,35
[10−6 ·K−1]

Curing 393 393 393 453
Temperature [K]

Table 6: Material properties in fibre direction

Strength and stiffness in fibre direction experience a 5- 10% increase, while
for the values in direction perpendicular to fibres the increase amounts to
30-40%. Despite that the difference in material properties between the two
directions remains remarkable.
The integral thermal coefficient (CTE) is calculated by the following relation
and takes into account the total thermal strain from curing down to operating
temperature

αeff =
1

∆T

∫ T1

T0

α(T )dT (4)

The remarkable difference in CTE in and perpendicular to fibre direction
cause in typical laminates pronounced thermal stresses already at room tem-
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peratures, and becomes very important in cryogenic environment. The topic
of thermal stresses will be discussed in the following paragraph.

Material T300/Epoxy T700/Epoxy M40/Epoxy IM7/8552
σperT RT 42 45 30 51
[MPa]
σperT CT 58 56 50 /
[MPa]
EperT RT 7,9 8 7,5 8,6

[GPa]
EperT CT 10 10 11 /

[GPa]
Integral CTE 24,5 25 33 19
[10−6 ·K−1]

Table 7: Material properties in direction perpendicular to fibres

5.1.3 Thermal stresses in composite materials

Unidirectional fire reinforced laminas have an orthotropic behaviour. As
previously seen stiffnesses and CTEs in the two principal directions are ex-
tremely different. Let now consider a cross ply laminate such as shown in
figure 8. Because of difference in CTE the 0o and 90o layers have different
thermal strains and, if free, would differently contract under negative thermal
load.

cross ply laminate

DT

strain ( )e

compatibility

stress ( )s

0°
90°
0°

0°

90°

0°

0°
90°
0°

X

Figure 8: Onset of thermal stresses due to material orthotropy in CFRP
laminates
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Namely, the 90o layer, which has a far bigger CTE, would experience a more
pronounced dimensional reduction in X direction than the 0o layers. Yet, be-
ing all laminas bonded together in the laminate, this contraction is impeded
and the final laminate strain will lie between the that of the 0o and that of
the 90o layer. The 0o layers will experience a compression while the 90o a
tension stress. These stresses become extreme in case of high intermediate or
high modulus fibres, which exhibit negative CTE in fibre directions. Ther-
mal stresses together with further mechanical tension, like that occurring in
a tank, may cause inter- fibre failure and subsequent micro cracks as shown
in figure 9.

Figure 9: Example of a typical microcrack in CFRP angle ply laminates

These ones have generally only a negligible effect on laminate stiffness and
static strength. Anyway occurrence of micro cracks is usually the first in
a chain of events which leads to final laminate failure under cyclic loads
(Reifsnider, [40]). The process of crack nucleation under repeated load covers
about one third of the whole room temperature fatigue life of the laminate.
If cracks appear during the first cycle in cryogenic environment, a significant
reduction in fatigue life is to be expected at this temperatures. The second
main concern with micro cracks is due to leakage through the tank wall: micro
cracks provide leak paths through which the cryogenic liquid may diffuse and
leave the tank. This is the case when all laminate layers are cracked, but in
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case only a portion has developed cracks, the effective laminate thickness is
anyway reduced and permeability increases due to diffusion phenomena.

5.2 Adhesive materials

5.2.1 Introduction

Bonding techniques present many important advantages compared to conven-
tional joining techniques (riveting, welding, soldering) from manufacturing
and performance points of view. Bonding is a simpler technology than weld-
ing and soldering of metals / metallic alloys because its needs for fixtures
and infrastructures are more limited. It allows joining different materials
which, for different melting temperatures, surface structures etc., cannot be
welded or soldered. It does not require heating metallic parts up to tempera-
tures which may alter their microscopic structure. It avoids direct contact of
metals with different electric properties, thus preventing metal to metal cor-
rosion, allows joining very thin sheets, or parts with very different thickness.
Bonding, like welding, allows to achieve impermeable joints at cryogenic tem-
peratures. From a point of view of the mechanical performances, bonding
offers a more uniform stress distribution than conventional techniques be-
cause of the absence of weakening points like holes for rivets or screws or
thermal altered zones. Bonded joints have better responses under dynamic
load than riveted ones, allow higher loads and have a higher damping. These
features lead to lighter joints than by conventional techniques. For the same
reason it represents an adequate choice for joining fibre reinforced plastics,
where fibre breaking holes should be avoided if possible. Furthermore the
adhesive may be an epoxy as well as the composite matrix, thus warrant-
ing best adhesion and compatibility. From a point of view of the stress and
strength calculation, bonding is a much more complicated joining technique
than conventional ones, because the weakest part of the joint, where failure
occurs, may be either the adherend, the adhesive or the interface between
them. This complexity is worsened by the lack of successful analytical and
numeric methods to calculate stress and strength (See chapter 8), thus most
of the job of determining joint strength must be accomplished experimen-
tally. In that, the choice of specimen geometry should be driven by two
main needs. First, it should resemble that of the part to be manufactured
in order to produce useful results for design purposes. Second, it should give
quantitative predictions on the influence of the several geometric and process
parameters, as well as operational conditions on joint strength. This obvi-
ously leads to an extreme increase in number of specimens and effort needed.
In the application of bonding techniques to cryogenic structures the magni-
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tude of thermal loads rises to higher order than in near- room temperature
applications, which deeply influences the joint behaviour. Investigations on
the effects of thermal loads on bonding strength has been carried out only
for limited temperature differences between curing and operating condition,
related to room temperature structures (see [63], [66] and [67]). Both refer-
ence [63] and [66] report a marked influence of temperature on joint strength.
General trends are an initial increase of strength in single lap joints as tem-
perature decreases starting from the glass transition temperature. At lower
temperatures strength remains constant or decreases because of the effects
of thermal stresses. In ref. [64] torsion specimens are tested to compare
their behaviour to that of single lap joints and a significant difference is re-
ported due to the absence of peel stresses at the joint ends: shear strength
of all tested adhesives increases almost linearly as temperature decreases.
This observation implies that there could be an interaction between peel and
thermal stresses, which does not occur in the torsion specimen because of
the absence of peel stresses. Measurements of the shear modulus also report
its almost linear increase as temperature decreases, but, like investigations
on strength, they are limited to the near - room temperature environment,
thus an extension of the temperature range must be provided.

5.2.2 Test program and specimen geometry

A typical cryogenic structural adhesive, the HYSOL EA9361 epoxy adhesive,
has been chosen for investigations at the Chair for Lightweight Structures.
Its mechanical properties has been established under several temperatures
and influence of geometric parameters has been investigated as following il-
lustrated. The adhesive is described by the Hysol Company, which commer-
cialises it, as a high elongation, two components room temperature curing
adhesive, suitable for cryogenic applications (EA9361 Data sheets, [68]). The
suggested curing cycle is one week at room temperature, but accelerated cur-
ing is possible up to 1 hour at 82oC. The chosen procedure was a one day
room temperature plus 2 hours 65oC, in order to reduce curing time with-
out increasing the thermal loads by adding further temperature difference to
the already big difference between curing and operating temperatures. The
test program is articulated in two parts. In the first one pure adhesive ten-
sion specimen have been tested and the stress strain tensile curve has been
measured as well as the failure and stiffness data. In the second part bonded
joints have been tested, whereas several geometric dimensions and joint char-
acteristics have been treated as parameters and subjected to changes inside
a range as later shown. Purposes of the test program are the following.
Pure adhesive tests:
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• Measurement of tensile strength at several temperatures

• Measurement of material stiffness at several temperatures

• Acquisition of the tensile stress/strain relation for the pure adhesive at
several temperatures

The acquired material stress/strain tension curves are to be used for numeric
simulation of the adhesive behaviour (see chapter 8).

Bonded joint tests:

• Measurements of bonding strength at several temperatures

• Characterisation of the influence of overlapping length on the bonding
strength

• Characterisation of the influence of the specimen geometry (single lap
shear / double lap shear) and adherend thickness on the joint strength

• Characterisation of the influence of the adherend preparation (applica-
tion / absence of a primer to the adherends) on the joint strength

• Verification of the possibility to exploit a single lap shear tensile speci-
men to measure the adhesive shear stress/strain curve without resorting
to a torsion specimen

Table 8 summarises the adhesive test program. Five temperatures have been
chosen in order to provide the widest range from moderate high down to
liquid helium temperature (4.2 Kelvin) and be able to establish the influence
of temperature in the whole range. The number of specimens has also been
limited by the need to keep the test program as constrained as possible, but
be able to provide reliable data for each temperature. Further comparison
to other adhesive types has been carried out both by resorting the literature
data and by limited testing of a second non cryogenic adhesive, namely the
EA9321 of the same company, which is designed for higher temperatures as
well as for moderate low ones.
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Specimen Overlapping
Test temperature [oK]

type length (OL) [mm]
313 293 203 77 4,2

Pure adhesive
3 3 3

tension specimens

Single lap shear (SLS)
5 3 4 3 3

12,5 3 3 3 3 3
25 3 3 3

Double lap shear (DLS) 5 3

Table 8: Test matrix for adhesive test program. Number of specimens per
temperature and overlapping length are provided

Specimen geometries for the bonded joints are shown in figure 10. Material
chosen for the adherends was an aerospace aluminium alloy, the 2024-T6,
which was primered by a standard primer, the EC 3980. Two adherend
thicknesses have been chosen according to the purposes of the test program:
thick adherends and short overlapping length has been chosen to reduce peel
stress and gain a quasi pure shear stress state. According to [69], thick ad-
herends and short overlapping length provide best adhesive strength because,
on one side, thick adherends reduce peel stresses at the bonding ends and, on
the other, short overlapping length allow a more uniform stress distribution.
Additionally, double lap shear specimens have been also tested at 77 Kelvin,
being the purpose the investigation the real possibility to further increase
joint strength in comparison to single lap shear (SLS) configuration. If on
one side double lap shear (DLS) reduce peel stresses because of the symmet-
ric load paths, on the other side asymmetries, caused by tolerances in the
manufacturing process, could contribute in the opposite direction, leading
to an overall reduction in strength. Thin adherends and longer overlapping
lengths have been adopted to approximate real structural joints and thus de-
termine more realistic failure values. Load application occurs through round
bolts, inserted into the holes of the adherends. This allows testing at very
low temperatures where friction coefficient is too low to provide efficient load
transfer.
Adhesive thickness has been chosen 0,1 mm. This represents a typical value,
which is commonly used in structural applications and at which most epoxy
adhesives show the best resistance to cohesion failure ([69]). Despite that,
an interesting assessment of the influence of adhesive thickness on strength,
though initially in program, had to be abandoned because of the extremely
high effort in term of number of specimens.
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Figure 10: Single and double lap shear specimens geometries

5.2.3 Cryogenic test setup

The Chair for Lightweight Structures is provided with a set of test facilities
which allows testing in a temperature range between 4.2 and 423 Kelvin. A
conditioned chamber can be applied together with an INSTRON universal
machine for testing in a +150oC : −100oC temperature range. Additionally
cryogenic testing can be accomplished at two more temperatures, namely 77
and 4.2 Kelvin, by the liquid nitrogen and liquid helium cryostats shown in
figure 11.

Figure 11: Cryogenic tensile test facilities for tests at liquid nitrogen (left)
and liquid helium (right) temperatures
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The liquid helium test setup allows to immerse a test specimen into a liquid
Helium filled dewar, while tensile force is applied by an hydraulic cylinder
which is placed on top of the cryostat and remains at room temperature. A
CFRP strap transfers tensile force to the test specimen, but also provides
thermal insulation and minimises the heat flux to the cryogenic environment.
The test specimen is mounted between the end cap and the CFRP strap by
a metal fitting. The whole group is placed inside the CFRP tube, except
the end cap which closes the assembly. Temperature and strain sensors are
applied to the specimen and connected by cables running trough the CFRP
tube and the Aluminium cylinder to a measurement system which records
the data strains and the applied force. The CFRP tube has an inner diameter
of 70 mm and a length of 1 metre, while the 3 mm thick tube wall, made of
high strength T700/epoxy, is composed of a 2 mm thick 0o layer laminated
in-between two 0.5 mm thick 90o layers. Tensile force is applied by axial
displacement of the hydraulic cylinder and is transferred to the specimen
by the CFRP strap, made of the same material than the tube. The end
cap holds the specimen and transfers the load to the CFRP tube which
is pushed against the Aluminium cylinder and works under compression.
The duration of the cooling phase depends on the thermal capacity of the
specimen and fittings and lasts approximately ten to twenty minutes for
normal tensile specimens, during which the CFRP cylinder is progressively
inserted into the cryostat until the test temperature has been reached. After
testing, the apparatus is slowly extracted from the Dewar and heated to room
temperature. The specimen can be almost immediately replaced and a new
test can be performed within a few minutes.

5.2.4 Test results: pure adhesive

Figure 12 shows the tensile stress-strain relation for both EA9361 and EA9321
adhesives at the three test temperatures (293K, 203K and 77K). The two
adhesives show very different tensile curves at room temperature, where the
EA9361 fails at strains around 13% and experiences a pronounced yielding,
while the EA9321 at around 2%, with poor signs of plastic behaviour. Failure
stresses are very different as well, failing the EA9361 at considerably lower
stresses than the EA9321.
At low temperature the behaviour of the two adhesives does not contradict
that typical for epoxies and plastics in general: increase in failure stress
and stiffness, decrease in failure strain. As Hartwig ([27]) noted, relaxation
phenomena due to thermodynamic motion of molecular chains reduce at
low temperatures, thus difference among polymers tend to depend only on
crystalline content and cross link density, but only secondarily on chemical
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Figure 12: Tensile stress/strain relation for the two tested adhesives at several
test temperatures

composition. This dependence on chemical composition completely disap-
pears at lower temperatures, where the so called basic properties become ev-
ident. Thus differences in failure stress and strain between the two adhesives
progressively reduce as test temperature is lowered and the two materials
become more brittle and strong. Being the EA9321 a non cryogenic adhesive
this very brittle behaviour does not surprise. The steep fall in failure strain
experienced by the EA9361 within a 70 degrees temperature range is rather
worth of notice. At 203 Kelvin (−70oC) test temperature, both adhesives
fail at around 1% strain and 40-45 MPa stress. Plastic behaviour is absent
although the EA9361 still shows a slightly higher failure strain. At cryogenic
temperatures the two material curves overlap almost perfectly and are lin-
ear. Both failure strains are at these temperatures even lower than those of
normal epoxies, which lay at about 2-3%.

5.2.5 Test results: bonded joints strength

Test results on bonded joints are summarised in figures 13 and 14 for the
EA9361 and EA9321 respectively. All specimen types show a marked de-
pendence of joint strength on test temperature, but, in opposition to what
happened for the pure adhesive specimens, differences in behaviour become
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more marked as test temperature is reduced. Three temperature ranges (two
for the EA9321), with three distinctive trends, can be identified: the first
spacing from room down to 203 Kelvin temperature, the second from 203
down to 77 Kelvin and the third from 77 down to 4.2 Kelvin.
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Figure 13: Shear strength function of test temperature and overlapping
length for EA9361 bonded joints

Starting from room and moving towards cryogenic temperatures, a first range
down to 203 Kelvin can be identified in which strength of all specimen in-
creases. This increase is more pronounced for the short overlapping length
and almost absent for the longer one. Behaviour of both adhesives is in this
range partially opposite to what stated in [63], where strength of the tested
adhesive decreases instead of increase as test temperature was lowered. In
the second temperature interval, the two adhesives show opposite failure
tendencies. For the EA9361, thick specimens keep approximately the same
failure stress, while thin ones experience a marked reduction in strength.
On the contrary, for the EA9321 the thin specimen vary only slightly their
failure stress, while the thick ones experience a steep decrease in strength.
In the last interval, that corresponding to cryogenic temperatures, data are
available only for the EA9361. Again a inversion in tendency is noted and
joint strength tend to increase again from 77 to 4.2 Kelvin. This increase is
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again more pronounced for the short and thick specimen and less, but still
visible, for the 12,5 mm overlapping length. The joint strength level for the
two adhesives is similar at room temperature down to 203 Kelvin, than a
distinction must be done among the thick and the thin specimens. In case
of the thick specimens, the EA9361 bonded joints show higher strength than
the EA9321 at the last temperature where comparison is possible, that is 77
Kelvin. In the case of the thin ones, strength level is again similar for the
two adhesives at 77 Kelvin as well.
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Figure 14: Shear strength function of test temperature and overlapping
length for EA9321 bonded joints

This complicated behaviour can be related to the several phenomena which
concur to bonded joint failure: adhesive cohesion, adhesive to primer adhe-
sion, primer to adherend adhesion, stress distribution on the bonding length,
ratio among stress components. Generally the following phenomena have
been observed for the two adhesives.

• At high test temperatures, that is around room temperature, failure is
mainly cohesive, while as temperature is lowered it becomes adhesive,
either of the adhesive to primer or primer to adherend. Contemporarily
to the transition in failure type, joint strength reduces.
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• Adhesion failure is more pronounced for thin specimens and longer
overlapping lengths or as thermal loads is bigger, that is at lower test
temperatures.

• At very low temperatures, thin specimens failure tends to occur be-
tween primer and adherend, but not in thick specimens (which also
have the shortest overlapping length)

• Together with the primer failure a bigger strength scattering is noticed

This schematisation is valid for both adhesives, but occurs at higher tem-
peratures in the EA9321 and at lower in the EA9361, that is, the same
phenomena occur in almost the same succession, but are shifted to higher
temperatures for the EA9321. The reduction of joint strength is clearly con-
nected to the failure type. As failure turns from cohesive to adhesive, in the
thinner specimens, dependence on temperature is considerably reduced. This
is particularly evident in the two figures 13 and 14, for the lower tempera-
ture interval, that is 77 - 4.2 Kelvin and 203- 77 Kelvin for the EA9361 and
EA9321 respectively, where bonding between primer and adherend represents
the weakest part of the chain. Meaning of that is that primer to adherend
bonding strength does not depend on temperature in that temperature in-
terval. It simply fails as an average shear of 8 MPa, in case of 25 mm OL,
and 14 MPa, in case of 12,5 OL, is reached, independently on the adhesive
type. At these temperatures it is not anymore adhesive strength which is
measured, but adhesion properties of the primer to the adherend. Because
this adhesion is sensitive to surface quality, scatter in measured failure values
may directly be a result of the preparation process.

Figure 15: Failure surface for 12,5 mm OL at several temperatures (left) and
at 77 Kelvin for several overlapping lengths (right)

Figure 15 shows the progressive occurrence of the phenomenon and its depen-
dence on temperature and overlapping length. Dependence on temperature
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is shown on the left for 12,5 mm OL EA9361 bonded joints. Room tem-
perature failure is almost exactly cohesive and progressive appearance of the
metal surface demonstrates the increasing proportion of the primer debond-
ing, as test temperature is lowered.

Figure 16: Symmetric failure surface
is typical when primer fails

At 77 Kelvin, primer bonding fails
on the whole bonding surface. De-
pendence on overlapping length is
shown in the right picture again
for the EA9361 bonded joints at
77 Kelvin. The short and stiff 5
mm overlapping lengths (OLs) spec-
imens do not experience this type of
failure, but for all other tested OLs
it is easily identifiable. The aspect
of the failure surface for 25 mm OL
specimens is quite remarkable, for
its symmetry clearly points out the
relation between primer failure and
peel stresses (see figure 16). The
middle line on the bonding surface is a primer rest in the point where peel
stress is zero. Even at that point the adhesive did not fail but separated
from primer. Some tests have been carried out without primer in order to
investigate joint behaviour when adhesive bonds directly to the adherends.
A neat change in joint strength cannot be reported (see figures 13 and 14).

Figure 17: Failure surface of the DLS specimens. Failure is mainly asym-
metric.

On the contrary, strength remains on the same level than with primer, while
the common type of failure is this time adhesive- adherends debonding.
Strength of the DLS specimens is also shown in figure 17. In their case a re-
markable reduction in comparison to SLS joints has been noticed. Reason for
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this result probably lies in the slight imperfections arising from manufactur-
ing tolerances, which make the achievement of a symmetric joint practically
impossible. As in the SLS specimens case, failure occurs at the adhesive
- adherend interface, being the primer absent in these specimens. Notice-
able is also the asymmetry of the failure mode: the central specimen portion
has on one side adhesive, while on the other side adhesive always separated
from it. This let again think about the possibility that some sort of bending
has caused failure of the specimens, although a more extended test program
would be required to take into account all aspects.

5.2.6 Adhesive shear stress-strain relation

One of the purposes of the test program was the investigation of the pos-
sibility to retrieve the shear stress-strain curve from a tensile test on thick
specimens. The common test adopted to measure pure adhesive curves is
torsion on thin tubes. This test configuration allows a stress state in the ad-
hesive composed only of a shear component. Anyway, tension of SLS joints
represents a much simpler test on the point of view of needed hardware, if
not in specimen preparation. Starting point for the whole investigation was
the thought that by applying very stiff adherends all average stress and de-
formation components could be negligible compared to the shear ones and
such a specimen should thus be able to provide a good approximation of the
adhesive deformation law. The shear stress-strain curve, as measured on the
SLS 5 mm OL specimen has been used to calculate the shear modulus at
room and 203 K temperatures (see figure 10 for details of the measurement
scheme). At the same time the law for isotropic material

G =
E

2 · (1 + ν)
(5)

has been used for the same purpose, where Poisson’s ratio has been measured
on tensile specimens provided with cross type strain gauges. Results are
shown in table 9. The values for the shear module gained by the measurement
and by calculation based on isotropic material law have been inserted in a
finite element model to re-simulate the linear part of the shear stress-strain
experimental curve (for details on the FE model see section 8.4). Results of
the simulation are shown in figure 18. It is clearly shown that when shear
module from experimental measurement is applied, the simulated curve has
a far smaller slope than the experimental one, while, the two slopes are
comparable when the value from isotropic material law is applied.
This result can be explained by considering that the extensometer, so as it
is applied on the specimen, measures a path deriving not only from adhesive
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Shear Modulus [MPa]
293 Kelvin 203 Kelvin

Measured 64-66 97-103
Calculated [FE] 74 96

Isotropic material law 371 1567

Table 9: Shear modulus as determined through the relation for isotropic
materials and by direct measurement on a SLS 5 mm OL thick specimen
(adhesive: EA9361)
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Figure 18: Comparison between experimental and simulated shear stress-
strain curve.

shear, but also from adherends deformations. The FE model of the bonded
joint has been prepared and used to simulate displacements in load direction
of the two points where the extensometer is applied (see figure 19). The
results clearly show that the contribution of the adherend is not negligible
in comparison to that of the adhesive, thus the measured displacement is
totally wrong and much bigger than the actual one. From that a smaller
shear module results.
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Figure 19: Position of the extensometer for shear module measurements (left)
and displacements in the FE simulation (right)

5.2.7 Conclusions

The two adhesives have been tested over a wide range of temperatures, from
373 K down to 4.2 K. Strength, stiffness and failure elongation have been
recorded for neat adhesives, while strength of single lap shear specimens has
been measured in dependence on overlapping length, primer type and test
temperature. Neat adhesive specimens show typical characteristics common
to epoxies as there are an increase in strength and progressive embrittlement
as temperature decreases, while differences between the two adhesives at
room temperature disappear starting from 203 K.
Single lap shear specimens show a complex behaviour caused by several phe-
nomena which act together, namely temperature loads, peel stresses, ad-
herends preparation, stress distribution:

• In all cases the dependence of joint strength on temperature is marked
due to changes in material properties and the build up of thermal
stresses.

• Failure of 12.5 and 25 mm overlapped specimens is determined at
cryogenic temperatures by the weak interface between primer and ad-
herends together with the contribution of peel stress due to the low
bending stiffness of the thin adherends, which does not allow to exploit
the whole potential of the adhesive. At the same time a wider scatter
is noticed in test results as consequence of the primer failure.

• Use of a second aerospace certified primer did not produce significant
changes in the failure behaviour of the joints, while bonding of rough
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aluminium resulted in comparable when not even in slight increase
of joint strength for the 25 mm overlapped specimens at cryogenic
temperature.

• No occurrence of primer-adherend failure was noticed on the 5 mm
overlapped specimens, which may be an indication for a relation be-
tween the high peel stresses in joints with low bending stiffness and a
long overlapping length.

• Double Lap shear specimen showed smaller strength than the single
lap shear type because of manufacturing imperfections which made the
specimens unsymmetrical.

• Lap shear specimens are not suitable for measuring shear module in
the adhesive because, although stiff adherends are applied, their con-
tribution to the total measured deformation is still comparable to that
of the adhesive.
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5.3 Liner materials

5.3.1 Introduction

A barrier material, which prevents the contained liquid from penetrating the
tank wall and escaping in the outside, is named “liner“. A liner is necessary
when the tank material shows poor impermeability to the liquid that has to
be stored. This may be due to two factors:

1. The tank material microstructure allows too high diffusion rates

2. Micro cracks in the tank material provide paths to the fluid

The first point represents the usual diffusion phenomenon taking place in all
solids. Thus it is influenced by temperature, molecular weight of the fluid,
microstructure of the material. The physical formula which describes the
permeability of a material is, in this case:

P = P0 · exp[− Ep
RT

] (6)

where, P0 is the permeability at a fixed temperature, EP is the activation
energy, which is material dependent, R the universal gas constant and T the
absolute temperature. According to this relation, permeation reduces with
temperature and disappears completely as 0 Kelvin are reached.

Figure 20: Leak path due to
cracks in a Cross ply laminate

The second point refers more specifically to
the fibre reinforced plastic case. Permeation
is not more material dependent, but, as soon
as there are mechanical paths, the fluid will
flow through them, pushed by the pressure
gradient. Material dependent is, in this case,
micro crack susceptibility, that is the ten-
dency to develop micro cracks in certain
physical conditions, like under thermome-
chanical loads. As seen in section 5.1, ther-
mal stresses arise in carbon fibre laminates
when plies are oriented according to differ-
ent angles. In this case each ply with dif-
ferent orientation has in X and Y directions
a different coefficient of thermal expansion
which under a temperature gradient cause
thermal stresses. At cryogenic temperatures
thermal load may be so high that stresses in some or all layers exceed ply
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strength in direction perpendicular to fibres. Mechanical (pressure origi-
nated) stresses superimpose to thermal ones and may also cause inter fibre
failure, if thermal stress alone does not suffice. In this case a set of cracks
form through laminate thickness (see figure 20), which could either provide
the full path to the liquid, or reduce the effective material thickness, so that
diffusion takes place faster even at cryogenic temperatures. In both cases
tank impermeability is insufficient.

5.3.2 Liner concepts

Today’s composite tanks have often liners. The reasons for that are CFRPs’
insufficient basic permeability at room temperature, chemical characteristics
of the contained fluid, which leads to the need of interpose a compatible
material, etc. Essentially liners may be classified in load carrying and non
load carrying. In the first case the liner carries part of pressure loads and

load bearing
thick liner
used as
winding core

inlaminated
non load bearing
thin sheet

Figure 21: Two type of liner
concepts

contributes to the tank strength. For that
scope material of choice is a structural ma-
terial, like a metal (typically stainless steal).
These kind of liners have primary impact on
manufacturing costs, because they are fab-
ricated by cold formed and welded sheets.
Secondarily the use of a material like steel
implies weight penalties in comparison to a
full composite solutions. The non load car-
rying liner is used only to enhance imper-
meability. That is it may be thinner and
thus have only secondary influence on man-
ufacturing costs because it does not require
costly facilities. Liners can also be used as
winding core to manufacture the tank. In
this case the liner must be pretensioned in order to achieve sufficient stiff-
ness. Thus it must be able to sustain pretension loads, that is its thickness
may derive from other consideration than pure impermeability. A second
order of concepts is that of membrane liners, that is the liner is partially
or completely disconnected from the tank structure, except in those points
where fittings and pipes require a fixed connection. As the inner fluid exerts
a pressure on it, the liner strains until it gets in touch with the outer tank
wall and transfers mechanical loads to that one.
In this case the CFRP tank is cured separately and the liner is applied in a
second step. Thus thermal loads due to the difference in CTE are reduced,
because the thermal gradient affecting the liner starts from room instead from
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P

Tank wall

membrane

Partially attached:
the membrane is partially attached
along the whole CFRP wall,
by means of adhesive stripes

Free membrane:
the membrane is bonded to the CFRP
structure only in the regions where
tank openings are placed

P

Tank wall

membrane

Adhesive stripe

bonding region common to both types
near tank openings

Figure 22: Completely free and partially attached membrane liner concepts

the CFRP curing temperature. Both membrane types can be geometrically
dimensioned in such a shape that they exactly reproduce the tank contour at
20 Kelvin, thus completely avoiding the onset of thermal loads. Drawbacks
are inherent into manufacturing and assembly difficulties for a thin and big
membrane which has to be inserted into the CFRP tank. Moreover dynamic
behaviour and fatigue response need to be investigated. This is particularly
valid for a liner which is designed to exactly match tank geometry at working
temperature. In this case its dimension at room temperature will force it to
fold in the tank volume.

5.3.3 Materials for liners

Possible material candidates for application as liner in tanks for cryogenic
fluids are listed in table 10. The choice ranges from metals, like the usually
applied stainless steel, to thermoplastics and thermosets. Metals provide a
high impermeability and relatively low CTE. On the other side they also
have the highest stiffness among all, thus thermal stresses may be high as
well. In order to keep them low, it may be necessary to choose metals with
very low yielding stress at CT, and let the liner work in the plastic region of
its material curve. In this respect it must be added that the state of stress,
an in- laminated liner would experience, is a tensile one only at the first
thermal cycle. After yielding, stresses reduce and the liner rather experiences
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a compression once the temperature is increased up to room value. Anyway
the high stiffness could also be responsible for the onset of delaminations
before the yield stress is reached.

Material Stiffness εUTS CTE (300-20 K) Permeability
at CT [GPa] at CT [%] [10−6K−1] at RT, [m2/sec]

Al 99.5 75 50 (0,08) 15 < 10-15

Stainless 200-220 50 (0,32) 12 < 10-15

steel
Titanium 120 8 (0,7) 6,4 < 10-15

Epoxy 6-8 2 43 5 · 10-12

KaptonR© 5-7 5-6 22 /
MylarR© 6,5 5-7 15-18 5 · 10-14

CFRP 145 1,25 0,12 /

Table 10: Liner materials and their mechanical properties at cryogenic tem-
perature. T300/epoxy properties are also reported as term of comparison

Plastics have in general far higher CTE than metals, thus the difference in
thermal strains with CFRPs is higher than for metals. Furthermore their
behaviour at cryogenic temperature is almost completely linear up to failure,
without the possibility to exploit a plastic region as in the case of metals.
Anyway the total strain they experience when used as liner is for those re-
ported in table 10 acceptably under that at failure. Mylar and Kapton, show
from this point of view particularly good properties, because their CTE is
comparable to that of aluminium, thus very low for a plastic, while failure
strain is still relatively high at cryogenic temperatures. Permeability of plas-
tics is generally much higher than that of metals, with the consequence that
the required thickness at parity of permeance is higher. Anyway plastics have
a 2-2,5 times lower density than aluminium, thus a thicker sheet does not
necessarily mean a drawback in tank weight. Behaviour of plastics is some
more complicated than that of metals, because they may experience creep
even at cryogenic temperature.

5.4 Discussion and selection criteria

5.4.1 Composite materials

Because CFRPs are available as semi- finished materials in the form of
prepreg, a first attempt choice could be based on prepreg properties, shown
in section 5.1. This approach, although it could be of some help in identifying
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general criteria the basic material shall satisfy, risks to be misleading. In fact
the finished laminate is a different material and its characteristics or suitabil-
ity are influenced by many parameters. Most of these parameters are con-
siderably different from the very basic prepreg properties and can indeed be
estimated starting from them by applying adequate theory, when available.
This is for example the case of stiffness and coefficient of thermal expansion.
For other properties, like laminate strength, theory itself only provides very
approximative results. This consideration is also valid when the laminate is
to be a hybrid of two or more materials, in case a liner is imbedded into the
laminate. Thus thermal compatibility, micro crack susceptibility, long term
behaviour, to mention only some issues, may be understood in detail only by
means of numeric analysis and / or by testing. Nevertheless some indications
of very general validity can be done. The first characteristic that can be dis-
cussed is curing temperature. In order to minimize thermal stresses, curing
temperature should be as low as possible. Unfortunately, this requirement is
generally contrary to the present tendency in the field of toughened epoxies
for aeronautic use, most of which are high temperature systems. Secondly,
the difference among thermal expansion coefficients in the two in plane di-
rections should be as small as possible. Yet the qualitative law “the smaller
the difference in CTEs the better it is“ is false, because final stress to failure
ratio also depends on stiffnesses and failure strains. For example, at parity
of CTE and failure strain, a higher modulus in fibre direction is desired,
because it reduces the mechanical strain in the laminate and thus that in
angle plies, allowing higher pressure loads in the tank. Stiffness is also an
important characteristic as far as deformation under load is concerned, be-
cause the total strain experienced by a laminate is dominated by the fibre.
This is exactly the major negative aspect of glass fibre reinforced epoxies.
Although being the material with the smallest difference in CTE in the two
directions, it also has very low stiffness in fibre direction, thus mechanical
loads cause pronounced strains which lead to precocious crack onset in the
angle plies. Carbon fibres are in this respect better because, although the dif-
ference between CTEs in the two directions is bigger, they are much stiffer.
Unfortunately carbon fibre CTE and stiffness do not assume their highest
value in the same material, but where stiffness is at its maximum, CTE is at
its minimum. Thus, as seen in section 5.1, PAN based fibres having positive
CTE in fibre direction also have the lowest stiffness among carbon fibres.
High stiffness fibres, like M40J, which also have very high strength, have
negative CTE in fibre direction which worsen the problem of thermal mis-
match. Between these two categories lie intermediate modulus fibres (IM).
They are characterized by intermediate stiffness and slight negative CTE.
Thermal mismatch is influenced by transverse properties as well, although
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these do not show the same relative variation as in fibre direction (where,
for example, the difference in CTE between PAN and high modulus fibres
amounts to approximately -300%). Anyway CTE and stiffness distributions
are also in direction perpendicular to fibres far from those which would allow
best tank performances. For example high modulus fibres also have higher
CTE in direction perpendicular to fibre. Thus UD plies made of high mod-
ulus fibres show in that direction the highest CTE of the whole category.
The possibility to successfully apply CFRPs to manufacture lighter cryogenic
tanks than by aluminium or steel will further be discussed in chapter 9, where
a more thorough analysis is carried out by means of numeric tools.

5.4.2 Liner selection criteria

Two are the principal requirements for liner materials to be applied to cryo-
genic tanks: Impermeability and compatibility with CFRPs. None of the
available materials shows perfect suitability from this point of view. Metals
are generally impermeable but have too high stiffness, while plastics have low
stiffness but generally to high CTE to be compatible to CFRPs. No possibil-
ity exists to investigate the issue of permeability apart from direct experiment
at cryogenic temperature. On the contrary a finite element analysis can pro-
vide useful information on thermomechanical compatibility among liner and
carbon fibre laminate.

0°

90°

Liner

90°

0°

Figure 23: FE model and schematic representation of the laminate layup

To that purpose a finite element model has been implemented, consisting
in a 1.5 mm CFRP cross ply laminate, in the middle of which a thin (0.05
mm) liner is inserted (figure 23). The modelled material is IM7/8552 prepreg
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because it represents the standard aerospace system. Applied loads consisted
in thermal gradient due to cooling down to 20 Kelvin from a 453 Kelvin
(180oC) curing temperature and a mechanical strain up to 0,6% in the two in-
plane perpendicular directions. Liner equivalent strain and stress has been
calculated for several implemented liner materials, as listed in section 5.3,
and is shown in figure 24. The strain ratio graph of figure 24 shows the ratio
between liner actual equivalent (von Mises) strain and its failure equivalent
strain at CT when a mechanical strain is applied to the laminate. Liner
stress due to the same applied mechanical strain and thermal load is shown
on the right diagram. From the analysis of the figure some considerations
can be derived.
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Figure 24: FE analysis results. Liner equivalent stain ratio (left) and stress
(right) as function of laminate mechanical strain

First, all metallic liners, namely steel, titanium and aluminium, are forced to
work in plastic range. Titanium, because of its relatively low CTE, behaves
elastically up to 0.4% laminate mechanical strain, while aluminium and steel
reach the yielding point already during cooling down. At the same time
titanium experiences the highest stresses, because it has the highest yield
stress among the candidate metals. Among metals, unalloyed aluminium is
the one which possesses the lowest yield stress, thus it also experiences one
order of magnitude lower stresses than the other two materials. All three
metals work at strain levels which are far from failure, because their cryogenic
behaviour is characterised by a wide plastic range (see table 10 for reference).
Plastics have been modelled as linear materials, because their behaviour at 20
Kelvin shows negligible yielding. All plastics develop smaller stresses than
metals, with the exception of unalloyed aluminium, because their stiffness
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is one order of magnitude smaller than that of metals. The fact that they
do not yield up to failure forces them to work in elastic range. For that
reason the ratio among liner actual and failure strain is higher than that for
metals. Particularly sensitive to this problem is epoxy: it has a very high
CTE and low failure strain at cryogenic temperatures and for that reason
it is forced to work at strains close to failure. Mylar is not affected by this
problem in the same extent than epoxy because its coefficient of thermal
expansion is sensibly lower than that of epoxy and because its failure strain
at cryogenic temperature is considerably higher. Anyway the very basic
difference between the behaviour of plastics and metals, that is the fact that
metal yields at the first thermal cycle while plastic do not, may be reason
for poorer performance of plastic materials as liner when several cycles are
considered during total tank life time.
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6 Measurement of composites strength

6.1 Introduction

As there is a general lack of failure data for FRPs laminates in cryogenic
applications an investigation on the reliability of failure predictions with
respect to the real behaviour has been carried out. Together with the funda-
mental question if failure mechanism at cryogenic temperatures is driven by
the same phenomena which control the behaviour at room temperature, and
thus if prediction for the UD laminate are correct, the question if so called
”constraining effects” still have considerable influence on ply failure at these
temperatures is of primary importance for permeability of laminates. Cross
ply laminates show at room temperature a dependence of inter fibre crack
onset in 90o ply on its thickness and stiffness compared to 0o ply stiffness
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Figure 25: Constraining effect in symmetric cross ply laminates (from [50]
and [51]). Dependence on 90o ply thickness (left) and on stiffness ratio be-
tween constraining and constrained plies (right).

Such an interaction leads to first ply failure strains approaching 1% for CFRP
cross ply laminates with very thin 90o plies, while the failure strain reduces
and reaches that of unconstrained plies as 90o ply thickness increases, as fig-
ure 25 (left) shows. Constraining effects also depend on the stiffness ratio
between constraining and cross plies: thus the effect of ±30o plies on the in-
laminated cross plies is lower than that of 0o because their stiffness in X di-
rection is also lower (whereas X represents the direction of load). Successful
modelling of these phenomena has been reported in the literature only for
laminates having 90o plies respect to load direction. These theoretical models
resort to a simplified stress analysis and a fracture mechanics approach. The
application of conventional failure criteria together with a two dimensional
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stress analysis is reported to underestimate crack onset load. Nevertheless
these increase of cross ply crack onset stress may play a crucial role for the
impermeability of composite laminates under two- dimensional tensile loads.
Haberle ([32]) claims a general similitude of failure behaviour at room and
cryogenic environment, which can be due to marked constraining effects in
cross ply laminates, but his tests are affected by several sources of objective
difficulties arising at very low temperatures (i.e. very low friction coeffi-
cients, brittleness of most materials) and he applies a degradation model
which needs an inverse procedure to derive the ”apparent” stiffness of the
degraded (cracked) ply from global laminate stiffness. These uncertainties
put the results shown in that work into question. Moreover, as experimen-
tally assessed in [29], transverse ply cracks affect mainly laminate Poisson’s
ratio, while their influence on laminate stiffness is negligible, thus their detec-
tion based on measurements on laminate stiffness may be unreliable. Despite
these considerations, some works, like [49], report a substantial constraining
effect in transverse cracks onset on [0/902]S IM7/977-3 cross ply laminates in
liquid nitrogen. According to these works, transverse crack onset at cryogenic
temperature is initiation controlled, even for thin laminates, while propaga-
tion along specimen width occurs without arrest when tensile load is kept
constant. Results for the investigated material show a crack onset strain
reaching 1% in the 90o plies, which is substantially more than the failure
strain of unconstrained material. In [33] a fracture mechanics approach has
been used to calculate room and cryogenic temperature energy release rates
of several FRPs materials and thus make predictions on their load carrying
capability under cryogenic conditions. Experimental results, which validated
the analytical approach showed a considerable increase in energy release rate
at cryogenic conditions, which can explain why fracture propagates without
arresting. Yet, results shown in that work are opposite to those reported
in [49], and, according to [33] load carrying capability dramatically reduces
down to almost zero at liquid hydrogen temperature. This important differ-
ence may partly arise from the different laminate layup and used material,
which is quasi isotropic in the latter paper, but this rises concerns on the
possibility to exploit constraining effects in order to enable higher pressure
load in the tank without degradation of impermeability, as quasi isotropic
laminate is likely to be chosen due to its much higher shear stiffness than a
cross ply one. Two final points of primary importance for cryogenic unlinered
tanks must be addressed: first all assertions on constraining effects are es-
sentially based on unidirectional tests, while stress state in a tank structure
is mainly bidirectional. Effects of a tensile component in perpendicular di-
rection (t.i. fibre direction of the 90o ply) have not yet been investigated.
Second, when service life is considered, micro crack formation is load cycle
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dependent and the issue must be faced from a load history point of view.

6.2 Test laminates

A test program has been conceived in order to investigate the following
points:

• CFRPs effective failure behaviour at room and cryogenic temperatures
and to gain failure data

• to investigate failure models and test the reliability of their predic-
tions. Here classic (max stress), quadratic (Tsai- Hill, Tsai-Wu), phys-
ical based (Puck) failure criteria have been considered together with
fracture mechanics models (comparison is carried out in chapter 8).

Definition of suitable test laminates is driven by the need to reproduce a state
of stress similar to that of a real tank wall. this is generally characterized by
positive principal mechanical load components which generate a plane state
of stress in the regions of the laminate not close to openings or connections
to other structures. This state of stress induces on the UD lamina positive
σ1 and σ2, together with a in- plane shear τ12 component (see also chapter
8). Most failure models describe IFF and crack onset as effect of σ2 and τ12,
while fibre stress has an important effect only when it is close to the failure
value.
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Figure 26: Laminate layup and projection on σ2 - τ12 plane of their load
paths for increasing tensile laminate strain.

In typical applications, when strain in fibre direction is under 0,5%, σ1 has
limited or no influence on static IFF, thus unidirectional tensile tests can
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be conducted in which only a relevant σ2 and τ12 are generated by means
of a universal test machine. After numerical analysis five laminates have
been chosen. Figure 26 shows projection on σ2 - τ12 plane of the load paths
for the chosen laminates. Puck’s criterion is also reported as representative
for classic failure criteria. In fact differences among failure criteria in the
considered portion of the stress space are only minor, so that the Tsai-Hill
or Tsai-Wu failure curves overlay quite precisely Puck’s one and do not need
to be further considered. Laminates 1, 2 and 3 have been chosen in order
to generate three different load paths and investigate the behaviour under
pure σ2 (laminate 1) and a progressive bigger shear component (in laminates
2 and 3). Laminate 4 has been conceived to investigate the effect of the
thickness of the 90o layer on crack onset load. Laminate 5 has no 0o layers
which are replaced by angle plies having lower stiffness in X direction, thus
it is suitable for the investigation of the effect of the stiffness of longitudinal
plies. All laminates, except number 5, are characterized by unconstrained
facesheet plies and constrained plies laminated with the same angle. In this
way it is possible to compare constrained to unconstrained outer plies on
the same specimen and thus reduce experimental effort and measurement
uncertainties.

6.3 Test program and procedure

The search for micro cracks has been carried out by application of microg-
raphy to tested specimens. Because it is not possible to know a priori at
which strain cracks form, a two-step test program has been defined as shown
in figure 27.

First test set
Failure criteria and
constraining effects (RT and CT)

Micrography
inter fibre  cracks

Second test set

Final evaluation
Classical failure criteria prevision capability

and
constraining effect at RT and CT

Failure criteria and
constraining effects (RT and CT)

Micrography
inter fibre  cracks

Figure 27: Schematic test procedure for micro crack detection

In the first step a set of test strains has been calculated for each laminate
starting from values immediately below those given by failure criteria and
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increasing them up to whole laminate failure in 0,2% steps. By means of this
first test array the critical strain intervals for each laminate could be identified
and a second set of tests could be defined in order to better delimit actual
IFF failure strain. Tests have been conducted in an INSTRON universal
test machine by clamping the specimen ends in the jaws and immersing the
setup into liquid nitrogen which provided a test temperature of 77 Kelvin (CT
tests). Strain is applied at constant slope up to the foreseen level and than
kept for 60 seconds before unloading with the same slope. Three segments
from the specimens central portion are cut after testing and prepared for
micrography (see figure 28).

Figure 28: Test procedure for micro cracks research: specimen test, cut and
imbedding of three central specimen sections

6.4 Experimentally measured crack onset strains

Experimental results show a complicate failure behaviour dependence on ge-
ometric parameters and physical test conditions. Among geometric parame-
ters considerable influence on IF onset strain is exerted by:

• Constraining effect: presence or absence of constraining plies
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• Constrained ply lamination angle

• Constraining ply stiffness

• Thickness of the constrained ply

Crack onset strain is also dependent on test temperature, because the much
greater thermal load, affecting the laminate in cryogenic environment, sensi-
bly reduces the crack onset strain at cryogenic temperature respect to room
temperature (see following figure 11).
Test results and single effects will be more thoroughly discussed in the fol-
lowing sections.

6.4.1 Constraining effect

A significant difference among crack onset strain has been measured between
the constrained and the surface angle plies of a laminate. Table 11 shows
a comparison of the applied mechanical strain (”laminate tensile strain ε0”
in the table) at which inter fibre cracks have been detected for the inner
and outer plies of laminates one and two. The lower and upper boundaries
delimit laminate mechanical strain intervals for crack formation as measured
during tests.

Laminate tensile strain ε0 [%]
RT CT

lower upper lower upper
boundary boundary boundary boundary

Lam 1 facesheet 0,588 0,688 0,128 0,228
Lam 1 inner ply 0,988 1,218 0,478 0,628
Lam 2 facesheet 0,719 0,868 0,176 0,326
Lam 2 inner ply 0,868 1,016 0,623 0,772

Table 11: Crack onset laminate strain in dependence on ply position. Crack
onset is delayed to higher mechanical strains in inner plies

The difference among outer and inner (constrained) plies is clearly visible
in both laminates 1 and 2: cracks develop at considerably higher laminate
strains in constrained than in unconstrained plies.
From a point of view of the physics behind this phenomenon of crack onset
and propagation, a possible explanation of the different failure strains be-
tween constrained and unconstrained plies can be sought in the interference
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exerted by constraining plies on crack growth. In UD 90 laminates no con-
straining takes place and a the microscopic flaws (for example fibre matrix
debondings or edge defects) grow in an instable manner as soon as the UD
strength is reached. In laminates where angle plies are surrounded by con-
straining plies, these influence the rate of growth of initial flaws, thus cracks
propagation is stable. Second, stress initially carried by the matrix in the
crack region must be transferred to the adjacent material. From this point
of view a facesheet ply can be seen as a constrained ply of double thick-
ness. Thus cracks initially start growing far from the constraining ply (on
the laminate surface) and do not experience its influence.

6.4.2 Effect of lamination angle

Lamination angle has two important and opposite effects: at low lamination
angles thermal mismatch between the 0o and the constrained ply is smaller,
thus constrained plies experiences smaller thermal strains in laminate 2 than
in laminate 1. Constrained plies are subjected to shear together with tension
strains when laminated at angles different from 0o and 90o. For this reasons,
constrained plies in laminate 2 experience a more complex state of stress
than those of laminate 1. The shear component tends to open cracks accord-
ing to opening mode 2, which superimposes to mode one and may produce
significative cracks at lower laminate strains than when shear is not present.
Results in table 11 show a reduction in crack onset strain at RT when lamina-
tion angle changes from 90o to 60o, confirming the importance of additional
stress components (namely shear). At CT the situation is opposed because
of the far higher thermal load in the angle plies of laminate 1 (90o plies)
respect to those of laminate 2 (60o plies).

6.4.3 Effect of stiffness of the constraining ply

Crack onset laminate strain for two different laminates having constraining
plies with different stiffness are shown in table 12. Constraining plies are
laminated at a ±35o angle in laminate 5 while at 0o in laminate 1. The
difference among their stiffness amounts to -82% at CT. This results in a
18% reduction of crack onset laminate strain in laminate 5 respect to the
stiffer laminate 1. RT tests did not find cracks at strains under 0.8%, which
represents a strain above the material allowable values and close to fibre
failure strains. Thus it was decided not seek for the upper value delimiting
the interval.
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Laminate tensile strain ε0 [%]
lower upper

boundary boundary
Lam 1 RT 0,988 /
Lam 5 RT 0,781 /
Lam 1 CT 0,478 0,628
Lam 5 CT 0,413 0,513

Table 12: Crack onset laminate strain in dependence on constraining ply
stiffness. Stiffer constraining plies in laminate one force crack to occur at
higher mechanical strains

6.4.4 Effect of thickness of the constrained ply

Laminate 4, having three 90o layer laminated between two 0o plies, has been
tested in order to analyse the effect of a thicker constrained ply in comparison
to laminate 1. A marked reduction in crack onset laminate strain has been
measured both at room and cryogenic temperature and reported in table 13.
Laminate 4 presents the interesting feature of the same crack onset strain for
inner and outer ply, both at room and cryogenic temperature (see table 14).

Laminate tensile strain ε0 [%]
lower upper

boundary boundary
Lam 1 RT 0,988 /
Lam 4 RT 0,607 0,707
Lam 1 CT 0,478 0,628
Lam 4 CT 0,265 0,365

Table 13: Crack onset laminate strain in dependence on constrained ply
thickness. Cracks appear at lower mechanical strains in thicker constrained
plies

This result may be explained in terms of load redistribution from the crack
region to the adjacent material. When angle plies are thin, the load will
be transferred to the constraining ply already when flaws in the angle ply
have small size. In thick angle plies the crack must reach a considerable size
before its ends are enough close to the constraining plies to experience its
discharging effect and thus reduce or stop growing.
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6.4.5 Effect of test temperature

Test temperature affects crack onset strains both directly and indirectly by
influencing the effect of constraining parameters. Direct influence consists
in a general reduction of crack onset strain when test temperature is low-
ered from room to cryogenic. Reason for that is the enormous thermal load
charging specimens in liquid nitrogen at −200oC. This load alone produces
apparent strain components perpendicular to fibres up to 0.6% in all plies
of laminate 1 (value above the UD ply strength). Because of that there is
a general flattening effect which reduces relative differences in failure strain
at CT respect to RT. Thus failure strain in inner plies, with the exception
of the thick inner plies of laminate 4, tend to accumulate around the value
0,4-0,5%, while in outer plies around 0,15-0,35% (see table 14).
In laminate 4, where the 90o inner plies are thick, there is no difference both
at RT and CT between the crack onset laminate strain of the inner and outer
plies.

Laminate
Laminate strain ε0 [%]

Experimental results (RT) Experimental results (CT)
Outer ply inner ply Outer ply inner ply

1 0,588-0,688 > 0, 988 0,128-0,228 0,478-0,628
2 0,719-0,868 0,868-1,016 0,176-0,326 0,623-0,772
3 > 0, 85 > 0, 85
4 0,607-0,707 0,607-0,707 0,265-0,365 0,265-0,365
5 > 0, 781 0,413-0,513

Table 14: Effect of test temperature on first ply failure strains in the inner
and outer plies

The indirect effect lies on slight modification of stiffness ratios among con-
straining and constrained plies: increase in stiffness is much more pronounced
in direction perpendicular to fibre than in fibre direction. Thus the stiffness
ratio diminishes at CT.
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7 Measurement of composites permeability

7.1 Cryogenic permeability test setup

7.1.1 Purpose of test facility and program

The experimental activity at the Chair for Lightweight Structures (LLB) has
been mainly characterized by the development of a cryogenic permeability
test setup, within the MFOS project, financed by the European Space Agency
(ESA). The several purposes, which have driven the activities and hinged on
cryogenic tank and tank sensors topics. Among them, those relevant for the
present work are summarized in the following list:

1. Provide a low cost device to reproduce and apply cryogenic tank loads,
that is those due to pressure of contained fluid and cryogenic temper-
ature, to a tank- shaped specimen of relatively low size and bulk

2. Investigate FRPs behaviour under cryogenic environment and mechan-
ical loads occurring in tanks, as at point 1. In particular the effect of
gas pressure and tank characteristic dimensions (i.e. tank radius) on
permeability has to be clarified

3. Assess possible onset of micro- cracks in laminated structures due to
thermo-mechanical loads

4. Investigate the correspondence among analytical models and simulation
to real FRPs behaviour under thermal and mechanical conditions which
occur in a cryogenic tank.

5. Investigate FRPs capability to carry a cryogenic fuel under inner pres-
sure and compare it to that of metals, to asses the real FRPs potential
in allowing weight savings in cryogenic liquid storage systems

6. Investigate FRPs behaviour under repeated thermo- mechanical loads,
like those occurring in a non spendable structure. Degrading of FRP
load capability, that is increase of permeability, has to be related to
number of cycles and mechanical load

7.1.2 State of the art in permeability testing

Experimental activity in permeability measurements has increased in the last
years, after application of CFRPs to cryogenic tanks has revealed the only
mean to achieve sufficient weight savings necessary for a SSTO vehicle. De-
spite that, until now there are no reports assessing successfully operation of a
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cryogenic permeability test facility conceived to test specimens of moderate
dimensions and still representative of a tank wall. NASA Langley Research
Centre designed the first cryogenic permeability test setup with the aim to
test a hemispheric composite specimen at LN2 and LH2 temperature [15].
The developed concept consists in sandwiching the test article in between
two hemispheric metal shells in order to create two volumes. On one side a
pressure is generated by a cryogenic liquid, which contemporarily provides
the cooling mean for the specimen. Test article and metal shells are provided
with flanges where two ring gaskets are applied in order to seal the junction.
If leakage occurs through the CFRP wall, gaseous molecules accumulate on
the other side of the specimen and are detected by a mass spectrometer.
No results have been ever published in which the test setup is successfully
applied and the following permeability facilities used by NASA at Langley
is not designed for a cryogenic environment at all. In [13] a room tempera-
ture permeability test facility is far more modest in capability and purposes,
being composed of two simple flat metallic plates through which a flat spec-
imen is sandwiched. A gas line introduces the test gas on one side of the
specimen and again a vacuum pipe conducts from the second plate to a mass
spectrometer for helium permeability assessments. This apparatus was de-
veloped with the aim to assess room temperature polymers permeability as
pre- investigation o the possibility to exploit them as barrier materials. In
[14] a room temperature permeability test setup is used to compare perme-
ability measurements to an analytical model. No cryogenic environment is
realized, but a two axial tensile stress state is generated in the specimen
by mechanically stretching the specimen in two directions. Again the cross
shaped CFRP laminated specimen is used as wall to separate a volume into
two parts, one of which is filled by the test gas and the other is the vacuum
chamber where the mass spectrometer is attached. No details are given on
the sealing method but, even in this case as in [15], there is a relative dis-
placement between specimen and the two metallic walls in the area where the
sealing or gasket shall be applied. In [18] a more complicated permeability
test facility has been developed for cryogenic testing of FRPs. A flat CFRP
circular specimen is placed between the flanges of two steel tubes in order
to generate two volumes. The specimen is sealed by means of two indium
circular rings placed between each flange and the CFRP specimen. Indium
is used, despite its difficult handling and cost, because of the need to pro-
vide sealing at very low temperatures. The whole assembly is placed in a
cryostat, whose temperature is regulated by liquid helium flowing in a heat
exchanger inside it (vaporization cryostat). By regulating helium mass flow
it is possible to cool down to and keep a desired temperature between RT and
4.2 Kelvin. This represents the most flexible solution among all, because it
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allows testing by several temperatures, but it also imply a very high financial
effort, both for the hardware and for the cooling mean. Furthermore it relies
upon the availability of liquid helium and a liquefaction facility in order to
keep helium cost low. Again, despite the available hardware, only few test
results at temperatures under 203 Kelvin (−70oC) have been published.

7.1.3 Test setup concepts evaluation

As sum up of the available literature, all permeability test facilities are char-
acterized by clamping the CFRP specimen between two flanges and sealing it
by metallic or plastic gaskets. Where a two axial stress state is needed, it is
achieved either by gas pressure acting onto a specimen of apposite cambered
form, or by directly applying a tensile load in two directions to the specimen.
Third, the cryogenic temperature is achieved either by the test gas itself, or
by a cooling mean which circulate in a heat exchanger inside the conditioned
chamber. These concepts have been the base and starting point for the de-
velopment of an enhanced permeability test setup at LLB. Since one of the
goal is to reproduce a test temperature which is as close as possible to liquid
hydrogen temperature, but also to minimise costs, a vaporization cryostat,
in which a cooling liquid circulates, has been discarded. The only remain-
ing possibility is to use a bath cryostat in which the test setup is immersed.
Cooling liquid has to be chosen among LH2, LN2 and LAr. Gas properties
of the three candidates are listed in table 15. Both hydrogen and Argon have
been discarded because of costs considerations, whereas handling and hazard
problems arise for hydrogen as well. Nitrogen represents a good compromise
because it is relatively safe gas, cheap to achieve in liquid form and have a
very high cooling capability per unitary volume. Furthermore liquefaction
temperature for nitrogen is not that higher than that of hydrogen, namely
77 Kelvin against 20 Kelvin for liquid hydrogen.

Name Liquid density Normal boiling Latent heat Gas type
[Kg/m3] point [K] [KJ/Kg]

Argon 1392 87 160,81 inert
Helium 124,96 4,2 20,3 inert

Hydrogen 70,97 20 454,3 flammable
Nitrogen 808,67 77 198,38 inert

Table 15: Cryogenic liquids, their boiling point and latent heat of vaporiza-
tion. Because of a favorable liquid density and latent heat combination, LN2

is the most effective cooling mean.
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Sealing has to be assured down to very low temperature and because of
that only a Indium wire, which is the standard demountable sealing used for
cryogenic purposes, is suitable to be applied. Despite its high purchase cost,
Indium wire offers the possibility to be regained after proper cleaning, thus
a relative modest supply reaches even for a high number of tests. Never-
theless no relative displacements between specimen and metallic fixtures in
the sealing area can be allowed, because it may provide leak paths and thus
affect permeability measurements. This consideration also affects the way
to produce a two axial stress state on the specimen: in no way an external
mechanical tension shall be applied to specimen ends, again to avoid any rel-
ative displacement in the region where the sealing is applied. Consequently
specimen has to be spherically shaped and a pressure must be exerted on
one of its surfaces. This choice introduces manufacturing complications for
the specimen, but it reduces the complexity of the test setup and thus costs.
Gaseous helium has been chosen as permeation mean because of several main
advantages: it is an inert gas, thus eliminating any major handling hazard.
It is an atomic gas which molecules are smaller than molecular hydrogen.
As result helium permeability is higher than that of hydrogen, leading to
conservative results, thus it may be applied at the place of hydrogen with a
high confidence to achieve representative results. Helium liquefaction tem-
perature is far below that of liquid nitrogen and even liquid hydrogen, thus
allowing its exploitation as permeation mean even at very low temperatures.
Last, but not least, helium gas is commonly available on the market.

7.1.4 Test setup schematics and general description

A schematic drawing representing the basic components and functional groups
of the test facility is shown in the following figure 29. Functional principle
of the device is, as in almost all examined cases, the generation of a gas
pressure into a pressure chamber of which CFRP specimen materializes one
wall. The specimen also separates the pressure chamber from the vacuum
chamber in which possible leaking particles are collected to be sucked by the
helium leakage detector. Three main groups may be identified in the scheme:

• Gas feed and dosage unit, which feeds the pressure chamber with
gaseous helium and allow pressure cycles from 0 to 10 bar.

• Cryogenic chamber and specimen fitting, where a test article is clamped
and cooled down to 77 Kelvin.

• Leak detection unit, to collect leaked particles and measure permeabil-
ity.
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A detailed description of the three main parts of the test setup follows.

Figure 29: Permeability test setup schematic drawing (simplified) and pic-
ture. Three functional groups are helium feed and dosage unit, cryogenic
chambers and specimen fitting and leak detection unit

7.1.5 Gas feed and dosage system

The gas feed line and valves are shown in figure 30 together with the vacuum
side of the feed unit. Their task is to supply gaseous helium to a pressure
up to 10 bar into the pressure chamber and allow emptying at the end of the
experiment. Gas is stored at room temperature in a gas bottle at 200 bar
pressure. The high pressure line directly conducts to the pressure chamber
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and is provided with a pressure reducer, a pressure controller and a fine
regulation valve, provided by Messer Grissheim, which allow setting pressure
with a precision of 1/100 bar. Pressure in the high pressure pipes is monitored
by a pressure sensor and through a computer program but setting is manual.
A overpressure valve prevents pressure loads in the pipes from exceeding the
design value of 12 bar. Furthermore an outlet valve is available in order to
allow pressure cycles and reduce pressure at the end of the test. Gas feed can
be interrupted by a shut off valve placed forward the outlet valve, if necessary.
All pipes are 6 millimeter diameter stainless steel tubes, compatible with
liquid hydrogen and very low temperatures and are joined together and to
the valves by Swagelok high pressure fittings.
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Figure 30: Helium gas feed line and vacuum side of the test setup.

Air in the pipes and pressure chamber must be pumped out before the tem-
perature is lowered because at liquid nitrogen temperature a liquid phase
could accumulate into the pressure chamber and disturb the test. To this
purpose the system has been provided with a vacuum pump driven side. This
pump is able to reduce inner pressure down to a fraction of millibar, which
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is measured by a low pressure sensor. The low pressure shut off valve is used
to separate the vacuum part of the system from the high pressure part when
helium is introduced into the pressure chamber. Anyway even this part of
the system is provided with an overpressure valve, which opens if 1.2 bar are
reached.

7.1.6 Cryogenic chamber and specimen fitting

The task of holding a CFRP specimen in a cryogenic environment under
a gas pressure is accomplished by pressure chamber of which the specimen
materializes the upper wall. A detailed picture of the specimen fitting is
shown in figure 31

Cryogenic
Adhesive

CFRP
specimen

Interface
element

Steel base

Steel
ring

Indium
sealing

Figure 31: Schematic drawing and picture of the pressure chamber and spec-
imen fitting.

Pressure chamber made of AISI 316-Ti austenitic stainless steel, which is
suitable for cryogenic applications. It provides mechanical properties (frac-
ture toughness and failure strain) compatible with cryogenic environment
and is a material relatively cheap and available on the market. The chamber
is designed to be disassembled in two parts in order to remove and replace
the specimen. The lower part is entirely made of steel and connected to the
helium bottle through a 3 millimeter tube. The upper part is composed of a
steel ring of the same material, to whom the test article is joined. Steel ring
and steel base are joined together by 18 bolts and sealed by an Indium wire,
which is placed in a circular groove having rectangular section. The working
principle of the indium seal is based on local micro- welding of the wire to
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the two parts to be sealed. Pressure generated when the bolts are tightened
is transferred to the wire through a feather in the steel base and plastically
deforms it to occupy the free volume between groove and feather. Thus mi-
croweldings occur among indium wire and steel which keep the joint tight. If
relative displacement between the two flanges occurs, these microweldings are
broken and the bonding is no more tight. For that reason preventing relative
displacement between the flanges is an issue of primarily importance. Un-
der the very high thermal loads occurring during cooling down to cryogenic
temperatures, these issue can be fulfilled only if materials have compatible
CTE.

7.1.7 Specimen to steel ring - joint

The joint between test article and steel ring must fulfil two tasks: be im-
permeable and carry tensile loads which occur due to difference in CTE of
the two materials. Adhesive bonding is the only joining technique which
can provide an impermeable joint between metals and CFRPs, but from the
point of view of thermal loads it does not represent the optimal choice. Thus
it has been necessary to place an interface element between specimen and
steel ring with the aim to comply with the two different thermal deformations
without overloading the adhesive bonding. This purpose has been achieved
by choosing a suitable material and forming the element into an appropriate
shape. Unalloyed aluminium revealed a good choice because of its very high
failure strain at cryogenic temperatures and low yield stress, summarized in
the following table 16, because it is an impermeable material and can easily
be formed into complicated shapes

Temperature[Kelvin]
293 77 4,2

Yield stress [MPa] 48 120 137
Failure strain [%] 46 56 54

Table 16: Typical yield stress and tensile elongation for unalloyed aluminium
at several cryogenic temperatures.

The interface element is showed in figure 32. The vertical wall is bonded to
the steel ring, while the horizontal one to the CFRP specimen (see also figure
3). These two parts experience the high relative displacement during cooling
down. The central bulged section acts as load damper insofar it allows such a
displacement without causing high forces. Despite the form, strains occurring
on the interface element reach 2.6% in the bulged section, thus requiring a
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material with very high failure elongation and low yield stress, in order to
keep transmitted forces low.
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Figure 32: Interface element and its section. Bulged section contributes to
keep stresses low while allowing deformation.

7.1.8 Permeability test specimen

Leakage specimen is shown in figure 5 together with a quarter CAD model,
while geometric parameters are summed up in table 17. Two regions can
be identified: a central bulged part and an outer flat flange. The two are
connected through a radius (R1 in figure 5) which provides a smooth transi-
tion. The central bulged part is the actual test article, because it is the place
where thermomechanical loads are supposed to produce cracks and where
the state of stress better represents that of a sphere. The double cambered
form has been chosen because of axial symmetry of the pressure chamber and
its double curvature is kept moderate because of the need to apply prepreg
technology for manufacturing the test article.

Φ1[mm] L1[mm] Rm[mm] R1[mm]
156 10 450 10

Table 17: Geometric parameters of the permeation specimen and values cho-
sen after trade off analysis.

A moderate curvature also represents an effective mean to help generating a
state of stress which shall approximate that of a sphere as much as possible,
as described in the following sections. The flat outer ring is used to bond
the specimen to the interface element. Bonding length, L1 in table 17 and
figure 33, is constrained by the need to have a central bulged part as big as



7 MEASUREMENT OF COMPOSITES PERMEABILITY 68

possible and the outer dimension of available round bars used for the pressure
chamber.

INSERT A PHOTO

HERE

Figure 33: CAD quarter model and picture of the bulged specimen for per-
meation tests.

Specimen form has been chosen with the aim to produce a tensile state of
stress by means of test gas pressure in the pressure chamber. According to
equation 24 (σ = PR

2t
) of chapter 9, the highest stress in the specimen is

proportional to bulk radius and inner pressure, while inversely proportional
to specimen thickness. Thus these three parameters have to be appropriately
chosen in order to get stress states comparable to those occurring in tanks.
Specimen thickness is to be chosen in a reasonable range of values: too
thin specimens are not tank wall representative, while a too thick one would
necessitate a too high gas pressure in the pressure chamber. Thus a design
value of 1 millimeter well fits the purpose, representing a reasonable value
for a CFRP tank. Gas pressure is constrained by two considerations: it
affects system components costs, in that pressure pipes and valves have to
be stressed for the chosen operating pressure. On the operating side a high
pressure is desired, because specimen bulk radius may be kept low while
high stresses occur in its wall. Anyway safety reasons induced to renounce
too high pressures and a good compromise has been found by choosing a
design value of 10-12 bar. Concerning specimen bulk radius, it has an almost
proportional influence on ply stresses, and thus it should be as big as possible.
A second point to be discussed is the effect which bulk radius has on bending
stresses, which arises due to stiffness differences among pressure chamber
wall and CFRP specimen. These bending can not be neglected unless the
whole pressure chamber is made of the same material. Stress dependence on
specimen radius in the specimen central portion is shown in figure 34:
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Figure 34: Stresses in the central portion of the CFRP permeability specimen
in dependence on its bulk radius, for a 10 bar test pressure. The maximum
and minimum stresses are respectively σ2 stress components of the last (top)
and first (bottom) layers. ”Difference” is the difference between these two
values due to bending and increases as bulk radius increases.

The stress state in the specimen under gas pressure and cryogenic tempera-
ture is due to the superposition of a membrane and a bending load. Bending
stress represents a deviation from the ideal stress state which occurs in a
sphere of same radius than the specimen and increases as specimen bulk
radius is increased (flatter specimen). This bending component produces a
stress difference between the inner and the outer specimen facesheet plies,
which is shown as ”Difference” line in figure 34. Membrane stress, on the
contrary, decreases as specimen radius is increased. In the extreme case of
a flat specimen, not shown in figure 34, no membrane stress is produced by
gas pressure and stress distribution along specimen thickness is characterized
by a change of sign, so that compression (negative) stresses are produced on
one specimen surface having the same absolute value than tensions on the
other surface. Furthermore, the stress state in the permeability specimen
has another degree of inhomogeneity, namely it changes from the bound-
ary, where specimen is bonded to the interface element, to the centre. This
distribution is again generated by bending stresses which are bigger in the
nearby of the boundary region (where specimen is bonded to the interface
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element) and decrease toward the specimen centre. The bulk radius has an
influence on the gradient of the bending stresses, so that they extend on a
bigger specimen portion as the bulk radius increases. Figure 35 shows the
influence of the bulk radius on stress distribution in the two facesheet plies.
The region having stress component σ2 bigger than 75 MPa extends from
the centre outwards to the boundary. As figure 35 shows, the region of high
tension stress reduces its extension as bulk radius increases. Thus bending
damps farther from specimen centre when the bulk radius is smaller and, as
figure 34 shows, this results in a smaller difference between stresses in the
two opposite face sheets.
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Figure 35: Extension from specimen centre of the region having stress com-
ponent σ2 bigger than 75 MPa as function of specimen bulk radius.

Compression stress components, arising when bending superimposes tension,
are responsible for closing layers cracks and thus possible leak paths. As
result, the measured permeability could be much lower than in the case of
the whole tension stress state, where stress components are only positive
and open cracks, as they form. For that reason stress state distribution in
the specimen should be characterized by an extended central portion having
high degree of constancy through the thickness and in which the average σ2 is
positive and as big as possible, at least bigger than the UD ply failure value
at liquid nitrogen temperature. The last requirement affecting the choice
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of the bulk radius is related to manufacturing aspects: because specimen
has to be manufactured by standard prepreg and autoclave technology, the
bulk radius should be kept as big as possible. These conflicting objectives
have led to the compromise bulk radius of 450 millimeter. This value allows
application of prepreg technology, while stress state through the thickness
is enough homogeneous to assure a high σ2 component in all plies on an
extended central portion of the test article. A two layer stepped doubler has
additionally been placed in the outer region of the specimen with the aim
to further reduce stresses outside the central portion and thus help forcing
highest stresses in the specimen centre.

7.1.9 Test setup qualification

Because the purpose of the test setup is to measure CFRP cryogenic helium
permeability, it has been necessary to assess overall leak rate of the several
junctions and sealing in operational conditions in order to verify:

1. If thermo mechanical load do not cause failure of the assembly or of
one of its parts

2. If leakage through bonding and metal gaskets is negligible, compared
to the expected values for CFRP.

Qualification tests have been carried out first using a steel cap to close the
pressure chamber and then a 4 millimeters thick CFRP flat specimen in place
of the bulged one. Results shown in figure 36 and 37 and following discussed.
Figure 36 shows the room and cryogenic temperature helium permeability
of the whole test setup when the pressure chamber is closed by a steel cap.
The use of the steel cap assures complete thermal matching between the two
parts of the chamber, thus provides the best performance of the indium seal.
As figure shows, the leakage signal is approximately hundred times smaller at
CT than at RT. Reason for that is mainly due to two factors: first, as tem-
perature diminishes vacuum quality inside the vacuum chamber improves,
leading to lower free molecules and thus a less intense signal. Second, metal-
lic gaskets improve their effectiveness as steel parts contracts under thermal
gradient, tightening the Indium seals.
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Figure 36: Relation among pressure and leakage at RT and CT with steel
cap at the place of the specimen

A qualification test has been conducted with a CFRP specimen in order
to test the aluminium interface element. The very thick (4 millimeters)
CFRP disk, used in this test, produces a more severe load on the interface
element than the foreseen 1 millimeter thick permeability specimens, when
the test setup is cooled down to cryogenic permeability. Test results are
shown in figure 37 (upper diagramm). Here the progressive reduction in
leakage signal as temperature reduces is clearly visible in the upper diagram.
After about 50 minutes in liquid nitrogen, leakage stabilizes to its final value,
amounting to about 2, 5 − 6 · 10−10 mbar·litre

sec
, although the temperature has

not yet reached 77 Kelvin. Four episodes of sudden leakage increase and
immediate decrease occurred during the test. Their cause can be identified
in a same number of particle releases from the inner steel walls into the
vacuum chamber (outgassing). After each of them, leakage signal returned
to the same value of 2.5 − 6 · 10−10 mbar·litre

sec
. After leak and temperature

had stabilized, pressure has been built up into the pressure chamber by one
bar steps up to six bar. Each pressure step has been kept for 15 minutes
without any detectable influence on the leakage signal. As last part of the
test a dynamic pressure load has been applied to the pressure chamber by
carrying out 10 pressure cycles, each of which having pressure extremes of
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one and six bars. Load was applied with 1/30 bar/second slope. Even this
load case did not have influence on the leakage signal.
The lower diagram in figure 37 shows the response of a defective bonding.
The bonding did not provide a sufficient barrier to helium molecules and
a clear relation between gas pressure and leakage was detected as typically
when mechanical leak path occur.

1

10

100

1000

10000

0 100 200 300 400

Tim e [m in]

L
ea

ka
ge

[m
ba

r*
li
tr

e/
se

c]

Pressure

Leakage

P
re

ss
ur

e
[m

ba
r]

10E-10

10E-11

10E-09

10E-08

10E-07

0,0E+00

1,0E+03

2,0E+03

3,0E+03

4,0E+03

5,0E+03

6,0E+03

7,0E+03

8,0E+03

9,0E+03

1,0E+04

0 5 10 15 20 25

Time [min]

L
ea

k
ag

e
[m

b
ar

*
li

tt
re

/s
ec

]

leakage

Pressure

10E-10

P
re

ss
u
re

[m
b
ar

]

10E-09

10E-08

10E-07

10E-06

10E-05

Figure 37: Test setup qualification. The signal from 4 millimeter thick speci-
men is shown in the upper diagram, while the lower one shows leakage signal
through a defective bonding.
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7.2 Permeation tests result and discussion

The permeability of IM7/8552 1 millimeter thick bulged specimens has been
measured under a helium pressure from 0 up to 11,5 bar. The following tests
have been carried out in order to investigate the suitability of this material
to cryogenic containment:

1. Short duration leak detection in function of helium gas pressure at
room and cryogenic temperatures

2. Leak detection in function of the number of thermal cycles
(RT − > 77K − > RT)

3. Long duration leak test (10 hours under 10 bar pressure) at RT and
CT

Test results are discussed in the following sections.

7.2.1 Leakage - gas pressure relation

Figure 38 shows the leakage signal at room and cryogenic temperature for
the 1 millimeter thick CFRP specimen and the signal produced during the
qualification test as reference (steel plug). Both at room and cryogenic tem-
peratures there is no relation among helium gas pressure and leakage, for the
whole duration of the test.
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Figure 38: Leakage signal as function of gas pressure at room and cryogenic
temperature
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This means that if cracks occur, as pressure is risen up to 11 bar, no full leak-
age paths form through the thickness. Room temperature leakage, measured
when the CFRP specimen is mounted, is lower than that measured with the
steel plug. This means that the indium sealing worked better during the
tests with the specimen and the measured signal was generated by helium
penetrating the sealing or by free gas molecules in the vacuum chamber. This
is confirmed at cryogenic temperature, where leakage with CFRP and with
steel plug are equal. the consequence of this fact is that the measured signal
is always generated by the sealing or by free molecules moving in the vacuum
chamber, that is, the CFRP specimen has far higher impermeability. This
partially agrees with the CFRP permeability values available in the literature
and will be discussed below.
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Figure 39: Strain measurements on the permeation specimen. DMS stands
for resistive strain gauge, while FOS for Fibre Optic Sensor
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Strain measurements have been carried out with strain gauges applied on
the top and bottom of the CFRP specimen. Measured strain amounted to
0.23% - 0.25% on the outer side and 0.144% on the inner side of the specimen
at room temperature and 9 bar pressure. The two different measurements
on the outer side of the specimen are due to two different strain gauges:
the higher signal was achieved by a fibre optic sensor, which was bonded
on the specimen, while the lower by a conventional resistive strain gauge.
At cryogenic temperature strain amounted to 0.25% on the outer side and
9 bar pressure. A measurement on the inner side was not possible because
the combination of high pressure and thermal load destroyed the bonding
between strain gauge and specimen. An extrapolation of the measured sig-
nal to 11 bar pressure led to strains up to 0.27% at CT on the outer side,
which was also achieved by the FE simulation (see figure 39 for comparison).
If the bending ratio is equal to that at RT the strain of the bottom layer
shall reach 0.16% (which is a little bit lower than the 0.2% resulting from FE
simulation) and the laminate average 0.2125% (0.235% from FE simulation).
These differences may be caused by two factors: the different dimensions of
the optic fibre sensor compared to the resistive strain gauge and the different
adhesive used. The optic fibre is much more compact and thus able to mea-
sure punctual strains, while the resistive strain gauge could measure average
strains over its not negligible surface. Second, because of its extension, it is
more difficult to exactly place the resistive strain gauge, than it is for the
optic fibre. The adhesive used for curing the optic fibre is stiffer than that
used for the other sensor. This choice was driven by the need not to exceed
+85oC during curing in order to avoid damages to the resistive strain gauge.
An estimation of the CFRP permeability can be obtained from the measured
leak rate:

P (T ) = 10−1 · Q · t
∆P · A (7)

where: P = permeability [m
2

sec
], Q = leakage [mbar·liter

sec
], ∆P = pressure differ-

ence [ N
m2 ], t = specimen thickness [m] and A = specimen area [m2]. Coeffi-

cient 10−1 is needed to convert [mbar·liter
sec

] into [Pascal·m
3

sec
].

Equation 7 leads to the following two values respectively for room and cryo-
genic temperature permeability:

P (RT ) = 1, 877 · 10−16 [m
2

sec
]

and
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P (CT ) = 3, 13 · 10−18 [m
2

sec
]

While the cryogenic permeability well fits the extension of the curve mea-
sured by Humpenöder in reference [18], the RT value is 1000 times lower
than his measurements.
Comparison with measurements carried out by Yokozeki and Ishikawa [21] ex-
hibit a still bigger discrepancy. In their permeability test setup they used IM6
intermediate modulus carbon fibres together with #133 toughened epoxy.
Specimen geometry was tubular having a 0,01885 m2 gauge area and 0,9
millimeter thickness, which is comparable to the LLB specimens (0,0145 m2

and 1 millimeter). Despite material similarity, they measure a far higher leak
rate at CT than done at LLB. Even when applying no mechanical strain, the
leak rate they measured lies in the best case around 0, 1 · 10−5 [Pascal·m

3

sec
]

(0, 1 · 10−4 [mbar·liter
sec

]). If the measured permeability is compared, the LLB
measurement results 6.78 · 104 times smaller. Results at room temperature
are also very different: LLB measurements give a 1000 times lower perme-
ability than the Japanese specimen without mechanical strain.
This result may be due to the fabrication method: being the tubular speci-
mens probably filament wound (but no indication are given by the authors)
while the LLB curved specimen a prepreg lay up. This argument would
also be consistent with results achieved by Shimoda and Cantoni [1] and
by Murhpy and Wilkerson [2] who manufactured and tested filament wound
tanks: in both cases considerable leakage was measured even at RT.
According to the results achieved at LLB, the X-33 tank failure (reference
[4]) is also not clearly explicable. According to NASA final report, the cause
of the X-33 hydrogen tank failure is the occurrence of micro cracks in the face
sheets as mechanical strain reached 0,2% at cryogenic temperature. But no
change in cryogenic leak rate, that could produce a sudden pressure increase
in a tank core like that of the X-33, was detected during LLB measurements
with strains up to 0.27%.

7.2.2 Leakage - Thermal cycles relation

The influence of thermal cycles on material permeability has been investi-
gated. Specimens have been subjected to 100 thermal cycles (temperature
extremes: 293 Kelvin and 77 Kelvin) and then placed into the permeability
test setup. Results are reported in figure 40. No relation among number
of cycles and leakage can be identified both at room and cryogenic tem-
perature: either no cracks form after 100 thermal cycles, or they do not
significatively affect permeability. The hundred times cycled specimen even
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produced smaller leak than the one without cycles. This must again be at-
tributed to the better indium sealing and underlines the fact that real CFRP
permeability, even after thermal cycles, is far lower than test setup sensi-
tivity. Actually in some cases, during the whole test program, a leak signal
under the detection limit of the leak detector was measured.
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Figure 40: Leakage signal as function of gas pressure for thermally cycled
specimens (RT - 77 kelvin - RT)
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7.2.3 Leakage - Time relation

Specimens have been subjected to a long duration leakage test at room and
cryogenic temperature. Permeation measurements have been carried out at
a gas pressure of 10 bar, which has been kept for 10 hours. Results are shown
in figure 41.
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Figure 41: Leakage signal as function of time (gas pressure 10 bar)

The time trend shows no permeability increase during the whole test, both
at room and cryogenic temperatures. This result has two main consequences:

• If cracking phenomenon proceeds with time under constant load, its
slope is so small that after 10 hours no leakage paths form through the
specimen thickness, at least for strains up to 0.25% - 0.27%

• If permeation through CFRPs occurs according to a transient law, that
is molecules are progressively adsorbed, diffuse in the specimen and are
released in the vacuum on the other side of the specimen, either the
steady state leakage is negligible or the phenomenon has much bigger
setting time than ten hours.
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7.2.4 Conclusions

Permeability tests carried out at LLB showed a very promising behaviour of
CFRPs for application in pressurised containment of cryogenic fluids:

• No relation has been found among gas pressure, from 0 up to 11 bar,
and leakage both at room and cryogenic temperature. As consequence
no micro cracking phenomenon could be identified for the range of me-
chanical strains up to 0.25% - 0.27% (corresponding to 11 bar pressure).

• Thermal cycles from room temperature down to 77 Kelvin did not
result in changes in leakage signal through the specimen both at room
and cryogenic temperature.

• Long exposition to gas pressure and cryogenic environment did not
cause changes in leakage signal.

• Tests, carried out with a metal cap at the place of the specimen in order
to qualify the test setup, resulted in the same level of permeability that
was later measured with 1 millimeter thick CFRPs specimens.

Consequence of short and long duration tests, as well as of the qualification
test with the steel plug, is that material permeability lies far below the detec-
tion limit of the test setup. Micro cracking are either absent or do not affect
permeability, that is, no full leak paths form for strains up to 0.25% -0.27%.
This conclusion is also consistent with material tests on tensile specimens,
which showed no cracks in laminates with thin layers for mechanical strains
below 0.4%.
A comparison among LLB experimental results and calculated requirements
(see chapter 3) can be done if the leak rate requirements of section 3.3.2
are multiplied by the area ratio between test specimen and the unitary area
considered there. Table 18 reports the modified requirements and the exper-
imental measurement.

(Modified) Requirement [mbar·litersec ] Measurement [mbar·litersec ]

Automotive
Commercial

RLV RT CTaeroplane

4, 9 · 10−13 1, 3 · 10−11 4, 3 · 10−10 5 · 10−9 - 5 · 10−8 5 · 10−11 - 6 · 10−10

Table 18: Comparison among calculated permeability requirements and mea-
sured permeability
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All requirements, with the exception of the RLV case, lie 10 to 100 times
below the measured values. But because LLB results were mainly influenced
by gas flowing through the sealing, the possibility to reach these stringent
values in a CFRP tank may not be excluded.
Comparison of LLB tests with the literature shows that past tanks failures
may be due either to poor tank design, not satisfactorily material choice or
both causes. From the point of view of material choice the right combination
of fibre and toughened epoxy may not be a trivial issue, as indicated by
results achieved with IM6/#133 or even those with IM7/977-2 in comparison
to those achieved at LLB with IM7/8552. From the point of view of the
manufacturing technique, filament winding could not be the most appropriate
choice for the purpose, because in no cases filament wound tanks or specimens
have achieved comparable impermeability to those manufactured by prepreg
and autoclave technology.
A final point of major importance for cryogenic tanks is the attitude epoxies
have to outgas, that is to release gas molecules in vacuum. During the
experiments it was simply not possible to discern between epoxy outgassing
and release of gas molecules from the inner walls of the steel chambers or
through the indium sealing. The same phenomenon has occurred when the
steel plug was mounted at the place of the CFRP specimen, thus if outgassing
occurs its intensity must also be at least one order of magnitude lower than
the measured signal.
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8 Failure models and analysis - test correla-

tion

8.1 Failure criteria for laminate analysis

Research on failure criteria for FRPs has not yet resulted in a definitive model
able to exhaustively describe FRPs failure behaviour (Manne and Henriksen,
[44]). Several criteria have been proposed for FRPs and can be divided into
four main categories: classical criteria, like the maximum stress and the max-
imum strain, quadratic criteria, like Tsai-Hill and Tsai- Wu, physical criteria,
to which the Puck’s and fracture mechanics criteria belong. Because of the
nature and multiplicity of aspects concerning failure phenomena in fibre rein-
forced composites, development trends in criteria conceived to describe them
has been characterized by an increasing complexity as more aspects have
been included in the models. Thus, starting with classical criteria, these are
easy to use but have the major disadvantage of treating each stress com-
ponent separately and compare it to the respective allowable. In case more
components act together, interaction phenomena may lead to failure, even
if each of the stress components is smaller than its allowable. In case of
contemporary presence of several stress components, like for example σ2 and
τ12, quadratic criteria have interaction coefficients which take into account
these synergetic effects and thus they lead to more accurate results. Anyway
the correctness of predictions relies upon material parameters which have to
be estimated through complicated tests which give substantially unreliable
and unrepeatable results, as well as being expensive. In some cases, like the
Tsai- Hill, it is worth noticing that a ductile material criterion is commonly
applied to model the essentially brittle inter fibre failure of reinforced com-
posites, which represents a basic inconsistency ([44]).
Physical criteria have this name because they are driven by the physics of
failure. Based on that, two main failure modes have been identified, namely
fibre failure (FF) and inter fibre failure (IFF). Interactions between these two
forms of failure can be generally neglected and arise only when both stresses
in the two directions (σ1 and σ2) are near the respective failure values. Thus
while a combination of tensile stresses in and perpendicular to fibres hav-
ing a value of 0,8 times the respective failure strains, results probably safe
according to physical based criteria, it is not when quadratic criteria are ap-
plied ([44]). At still higher strains, for examples 0.99% the respective failure
strains, even physical criteria predict failure. The reason for that limited
interaction in the nearby of fibre and inter fibre failure stresses is the strain
experienced by the matrix when load is applied in fibre direction and whose
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effect on strength perpendicular to fibres is as much important as lower ma-
trix failure strain is. This issue could gain major importance at cryogenic
temperatures, because both thermoplastics and thermosets are much more
sensitive to thermal effects than fibres and show a more pronounced reduc-
tion in failure strain at cryogenic temperatures, even if relative values are
considered. As consequence interaction between fibre and inter fibre strains
may lead to failure even at smaller mechanical strains than it does at room
temperature. Puck’s criterion models this sort of interaction phenomena,
but complexity and number of parameters to be estimated has been further
increased (see Puck, [46] and [47]).
Based on this introduction some remarks has to be made regarding the choice
of a suitable failure criterion and in consideration of the kind of load which
is modelled and expected failure modes: as indicated in chapter 5, the com-
bination of mechanical loads and thermal ones are expected to result in very
high tensile σ2 stresses and relative low σ1, compared to the respective fail-
ure values. Thus priority in detecting failure shall be focused on inter- fibre
failure modes and particularly on interaction phenomena between in- plane
shear (τ12) and tension perpendicular to fibre direction (σ2). Further, pre-
diction of several failure criteria (where interaction is considered) has shown
their fairly good agreement for the typical stress distribution occurring in
laminates, due to high thermal loads and mechanical two- axial tension as
shown in figure 42.

Figure 42: Comparison of several failure criteria belonging to the three cate-
gories on the IFF and on the FF planes (X and Y are respectively fibre and
in plane perpendicular to fibre directions).
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8.1.1 Maximum strain criterion

The max Strain criterion represents, together with that of max stress, the
classic criteria. Here failure occurs when one or more strain components
reach the respective allowable. The failure surface is a polygon because no
interaction between strain components is considered (see figure 42. This
criterion can be applied to the single ply as well as to the entire lamiate.
In this second case, it is necessary to specify what is meant as ”laminate
failure”, that is onset of cracks or final failure.

8.1.2 Fracture mechanics criteria

The fracture mechanical approach is based on the concept that a new crack
builds up in the laminate when it is physically possible and energetically
favorable. The energetic balance is based on the difference between the work
done by external loads and the change in elastic energy stored in the material
when a crack increases in size:

∆W −∆U ≥ f(GIC , GIIC , GIIIC) (8)

where ∆W is the work done by external forces, ∆U the change in stored
elastic energy, GIC , GIIC and GIIIC are the energy release rates for crack
opening modes I, II and III.
The expression of the change in elastic energy depends on stress distribution
before and after cracks have formed, thus on laminate parameters like mate-
rials, elastic constants, laminate lay up, geometric parameters.
Central point in stress state modelling is the load transmission in the crack
region from the damaged ply to the undamaged constraining ply. This task
is fulfilled by two possible approaches: the shear lag approach and the vari-
ational approach. According to the shear lag model, stress is transferred
by a thin matrix sheet placed between the two CFRP plies. This sheet has
negligible tensile stiffness in comparison to the reinforced plies, thus transfer
mechanism is occurs through shear stress.
The variational approach attempts to find an approximation of the state
of stress by the theorem of the minimum complementary energy. Among all
state of stress that satisfy the boundary conditions, the effective one will also
provide a minimum of the complementary energy in the laminate (see Brown
[35]). Further approximations of the state of stress consist in neglecting any
dependence of the distribution of the stress components on the Z coordinate
(t.i. the normal to laminate plane). However it includes the z- components
of the stress tensor, thus giving a more precise approximation of the state of
stress.
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Both models offer advantages and disadvantages: the shear lag Model is sim-
pler and can be applied to a wider category of laminates than the variational
approach. On the other side the variational approach gives a better repre-
sentation of the real stress distribution.
In case of the shear lag solution for [0m/90n]S laminates, the cross ply onset
strain has the following expression according to Parvizi et al. [50]:

ε⊥,F =

√√√√ b · E0 ·G23 ·G2
IC

(b+ d) · d2 · EX · E3
2

(9)

where:

b = thickness of the 00 ply
d = half thickness of the cross ply
E0 = stiffness of the constraining plies
EX = total laminate stiffness in load direction
E2 = cross ply stiffness
G23 = cross ply shear modulus
GIC = critical energy release rate for opening mode I

This relation is able to model the delaying effect due to the presence of
stiff 00 plies and the dependence of the crack onset strain on plies thickness
ratio.
However both approaches are still far from providing correct estimation of
failure loads for all possible type of laminates and external loads.

8.1.3 Strain invariants criterion

A new strain criterium has been recently proposed by Gosse and Christensen
[52], based on the determination of the equivalent and hydrostatic strains in
the epoxy matrix of a CFRP laminate. This failure criterion is based on the
assumption that IF cracks develop either when the first or second invariant
of the strain tensor in the matrix reaches a limit value.
A constant value of the first tensor invariant, I1, represents an deviatoric
plane, while a fixed value of the second, I2, a cylinder parallel to the hydro-
static axis.

I1 = ε1 + ε2 + ε3 = K1 (10)

I2 = (ε1 − ε2)2 + (ε2 − ε3)2 + (ε3 − ε1)2 = K2 (11)
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Figure 43: Strain failure surface for matrix failure in CFRPs.

In other words, failure occurs when the strain vector exceeds the closed sur-
face identified by the von Mises cylinder delimited by two deviatoric planes
like shown in figure 43.
Matrix failure is brittle because the presence of surrounding fibres prevents
the development of extended plastification zones.
Calculation of precise matrix strain tensor requires a three dimensional mi-
cromechanics approach and is carried out as following explained:

1. The three dimensional strain state due to external mechanical load is
calculated in each ply by means of a macroscopic FE model

2. The three dimensional strain state due to thermal load is calculated in
each ply by means of a macroscopic FE model

3. The micromechanical thermal strain in the matrix is calculated by
means of an FE micromechanical model

4. Mechanical strain intensification factors are calculated by the microme-
chanical model.

5. Each component of the macroscopic mechanical strain is multiplied by
the respective intensification factor in order to get the total mechanical
strain in the matrix
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6. The microscopic thermal strain is added to the macroscopic strain in
order to get the total thermal strain in the matrix

7. Total thermal and mechanical strains are added one to the other and
the total strain state is so calculated

8. The first and second invariants of the total strain are calculated.

This procedure requires a remarkable calculation effort because micro- and
macromecanical FE models must provide the necessary resolution of ply and
matrix stresses. Despite the necessary effort, this failure criterion promises to
be able to represent actual composite failure behaviour because it is based on
material failure properties which are material dependent, and on an accurate
stress distribution, which is laminate and load dependent, thus able to take
into account constraining effects.

8.2 Analysis test correlation

The experimental results on tensile specimens (see chapter 6) have been used
to study the correlation among failure criteria and real CFRP behaviour.
Several quadratic together with strain and fracture mechanics failure criteria
have been considered.

8.2.1 Quadratic and physical based criteria

The following table 19 shows comparison among three criteria, namely the
Tsai-Hill, Tsai-Wu and Puck criteria, and room temperature experimental
results determined during the UD test campaign (see chapter 6).

The comparison shows a remarkable difference among failure prediction and
measurement. For all laminates effective load capability exceeds the theoret-
ical value, according to most used failure criteria. This difference remains in
case of cryogenic tests, not reported here: while according to failure criteria
cracks should appear already during cooling down, they appear at cryogenic
temperature only after a significant mechanical strain amounting at least to
0,13% (but up to 0,62% in the constrained plies of laminate 2) has been ap-
plied.
Calculation of failure strains without taking into account thermal loads in
laminates shows a better agreement with the experimental data for thin in-
ner angle plies (laminates 1,2 and 5).
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Laminate
Laminate strain ε0 [%]

Numerical results (RT) Experimental results (RT)
Tsai-Hill Tsai-Wu Puck Outer ply inner ply

1 0,188 0,168 0,188 0,588-0,688 > 0, 988
2 0,262 0,225 0,259 0,719-0,868 0,868-1,016
3 0,831 0,821 0,774 > 0, 85 > 0, 85

Laminate
Numerical results

Experimental results (CT)
(without thermal loads)

1 0,52 0,52 0,52 0,128-0,228 0,478-0,628
2 0,58 0,585 0,565 0,176-0,326 0,623-0,772
4 0,52 0,52 0,52 0,265-0,365 0,265-0,365
5 0,52 0,52 0,52 0,413-0,513

Table 19: Comparison between room temperature measured and calculated
first ply failure strains

8.2.2 Shear Lag criterion

Comparison between the shear lag model and the experiment is shown sep-
arately for the inner plies of the tested laminates in table 20 .

Laminate 1 Laminate 2 Laminate 4 Laminate 5
ε⊥ [%] 1,79 1,61 1,02 1,44

(computed)
ε⊥ [%] > 1, 40 1,00 - 1,1 1,00 - 1,1 > 1, 2

(measured)

Table 20: Comparison between room temperature measured and calculated
constrained ply failure strains, according to the shear lag model.

More accurate than the failure model previously examined, the shear lag
model is able to give a reasonable prediction of the failure strain when angle
ply is laminated at 900 (cross ply). On the contrary prediction is far below
the measured value for laminate 2, in which angle ply lies at 600.
The shear lag model is used here somewhat outside its field of validity, be-
cause it is applied to laminates which geometry differ from the [00

m/900
n]S, but

it still gives reasonable predictions. In case a significative shear component
is present, as in case of laminate 2, the model produces non conservative re-
sults, because crack formation is ascribed only to opening mode I, while the
effect of shear is not modelled. Crack opening mode II and related toughness,
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GIIC , should be included.

8.2.3 Strain invariants criterion

A test of the strain criterion from Gosse and Christensen [52] has been carried
out by following the procedure described in section 8.1.3. A macroscopic half
model of laminate 1 and a micromechanical model have been implemented in
ANSYS 8.1. in order to calculate micromechanical and macroscopic thermal
and mechanical strain tensors for the 900 layers. Cross plies are modelled by
12 quadratic elements along the thickness in the macroscopic model, in order
to achieve a good approximation of all strain components. The macroscopic
model provides macroscopic thermal and mechanical strains.
The micromechanical model has cubic geometry and it is composed of 16
fibre segments imbedded into the matrix. It is used to calculate mechanical
strain amplification coefficients and micromechanical thermal strains.
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load
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Figure 44: Flow chart for the implementation of the strain criterion

These values are computed in the two points indicated as P1 and P2 in figure
44 and the point giving the biggest value is then chosen (Point 2 has always
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revealed the one giving the highest values for amplification factors and ther-
mal strains). After turning the micromechanical results into the macroscopic
reference system, the solutions are combined to get the total strain. Three
results are computed for each load case: the average strain tensor in the cross
plies (average on the nodes), the tensor in correspondence of the node where
the highest equivalent strain occurs and that in correspondence of the node
where the maximal hydrostatic strain occurs. Micromechanical corrections
are then added to these three tensors and the equivalent and hydrostatic
strains are calculated. Figure 45 shows the results for laminate 1.
The three following issues can be derived from the graphs in figure 45:

• Equivalent and Hydrostatic strains (the latter when averaged over the
whole ply) have in the outer and inner ply the same value

• The equivalent strain decreases as the laminate strain is increased

• When maximum values are chosen as terms of comparison, the hydro-
static strain in the inner ply is bigger than or equal to that in the outer
ply, for the whole laminate strain interval

As consequence it is not possible to identify a particular value of the strain
invariants at which the onset of cracks in the 90o plies occurs.
The reducing value of the second strain invariant, I2, as mechanical tensile
strain in the specimen is increased is due to the contribution of the micro-
and macromechanical thermal strains. As explained in section 8.1.3, this are
fixed terms which superimpose on the increasing mechanical term. Because
the thermal load is negative, several components of the thermal strains are
also negative. At the same time, the components of the mechanical strain
have opposite signs than those of the thermal strain tensor and increase in
module when the mechanical load is increased. Thus the linear combination
of the dominating thermal strains with the smaller mechanical strains leads
to the behaviour shown in figure 45. The most important issue in the com-
putation of this strain criterion is that the macroscopic components, both of
the mechanical and thermal strains, show little difference in case of the inner
and outer plies.
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Figure 45: Relation among inner and outer equivalent strain, hydrostatic
strain and laminate load (laminate strain)

This leads to equal total strains and thus equal strain invariants which do
not agree with the different experimentally determined crack onset strains.
Table 21 shows the values of both the micro- and macromechanical thermal
strains, of the mechanical intensification factors and of the macromechanical
strains for the inner and outer plies at two different laminate mechanical
strain. Here is shown that the mechanical macroscopic strain tensors for the
inner and outer plies differ only starting from the seventh decimal digit (the
fifth decimal digit when strain is in percentage).
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Component
X Y Z XY XZ YZ

Micromechanical
thermal 1,08 -1,73 1,01 -0,0038 0 0

strain [%]
Micromechanical 1,3 1,02 0,96 2,54 0,039 0,47

intensification factor
Thermal -0,43 0,005 -0,43 0 0 0
strain [%]

Outer ply Mechanical 0,588 -0,0191 -0,2309 0 0 0
(macroscopic strain [%]

results) (ε0 = 0, 588 %)
Mechanical 0,688 -0,02238 -0,27 0 0 0
strain [%]

(ε0 = 0, 688 %)
thermal -0,43 0,005 -0,43 0 0 0

strain [%]
Inner ply mechanical 0,588 -0,0191 -0,2309 0 0 0

(macroscopic strain [%]
results) (ε0 = 0, 588 %)

Mechanical 0,688 -0,022393 -0,27 0 0 0
strain [%]

(ε0 = 0, 688 %)

Table 21: Calculated strain components in the cross ply laminate inner and
outer 90o plies

8.3 Numerical simulation of adhesively bonded joints

8.3.1 Introduction

Together with the need for measuring adhesive bonded joints properties at
cryogenic temperature for design purposes, a research of the possibility of
simulating material behaviour by use of available software for structural anal-
ysis has been carried out. Modern FE software environments allow reproduc-
ing the behaviour of complex geometries and load combinations, thus they
are a powerful and in many cases the only mean for executing parametric
analysis and optimization of a structure. One condition for their successful
application is the existence of adequate material models able to reproduce
the behaviour of a complex combination like that of a bonded joint. In order
to investigate that availability, the EA9361 5 millimeter OL bonded joints
have been simulated up to failure by exploiting non linear material models
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and geometries. Numeric results have then been compared to the test at
room temperature and at 203 Kelvin.
The simulation environment was ANSYS 8.1 which provides mainly mate-
rial laws developed for metallic materials (both isotropic and non isotropic).
Thus a brief discussion of the assumptions made for these material will follow.

8.3.2 Material models

Materials like many metallic alloys and plastics react elastically under stress
up to a certain critical value, which depends on the material, and, beyond
that, experience a plastic deformation. Plastic behaviour is characterized by
non linear stress- strain relation and residual deformations when the external
load is removed. In the space of the principal stress components, σ1, σ2, σ3,
the two distinct behaviours correspond to two subspaces, which union gives
the whole space. The limit of the elastic subspace is called yield function.
One state of stress whose vector lies inside the space delimited by the yield
function (point P in figure 46) is an elastic one, while one lying on the
surface (like Q in figure 46) describes a combination of stresses which induces
yielding. Starting from the unloaded state and loading progressively the
material, the state of stress will initially be elastic and thus lie inside the
yield function. As the norm of the stress vector increases it reaches the yield
surface producing yielding.

O
P

Q

s1

s2

s3

Figure 46: Representation of a possible yield surface in the space of the
principal stress components.

Further increase in the stress vector produces a displacement of the stress
point, which drags the yield surface. In other words, since the stress points
has reached the yield surface further increase of its intensity will change the
yield surface itself. The yield surface of an isotropic material must satisfy
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some symmetry features. With reference to figure 47 left, let plane p be the
deviatoric plane, that is the plane perpendicular to the hydrostatic axis in
the space of the principal stresses. The hydrostatic axis has equation:

σ1 = σ2 = σ3 = σ0 (12)

while one plane perpendicular to this axis is identified by the following equa-
tion 13:

σ1 + σ2 + σ3 = σ0 (13)

These are called deviatoric planes. For k=0 equation 13 describes the devia-
toric plane containing the origin. Figure 47 (right) shows the intersection of
the yield function with the deviatoric plane. Because yielding of an isotropic
material can depend only on the values of the principal stresses, but not on
their direction, if (p, q, r) is a state of stress which induces yielding, than
(p, r, q) must also induce yielding. This implies that the yield locus is sym-
metric about the projection of σ1 axis and, because it is function of stress
invariants, also about those of the other two axes.

s1

Hydrostatic axiss3

s2

p plane

O

s3

s1
s2

p- plane

Figure 47: π (deviatoric) plane and hydrostatic axis (left) and shape of the
intersection of a possible yield function with the π- plane (right)
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8.3.3 Material models for metals

Some hypotheses concerning metals and metallic alloys are listed below. Most
of them derive from experimental observations or metal behaviour

1. Yielding of a metal is unaffected by a moderate hydrostatic stress state.

2. The magnitude of the yield stress is the same in tension and compres-
sion

3. After yielding isotropy is preserved

4. The yield surface is a function only of the final applied stress (although
this is not exactly true also for metals)

5. During progressive plastic deformation, the yield surface increases in
size but keeps the same form

6. Changes in volume during plastic deformation are elastic

7. Final yield locus depends only on the total plastic work done ( and,
therefore, it is independent on the strain path).

Consequence of hypothesis 1 is that the yield locus must be an open surface
parallel to the hydrostatic axis, because a hydrostatic state of stress shall
not intersect the surface. Hypothesis 2 leads to the fact that if (p, q, r) is
a plastic state of stress than (-p, -q, -r) must also lay on the yield surface,
thus this must be symmetric about the hatched lines. It is not necessary to
investigate the whole stress state space in order to determine the yield surface.
Parallelism to the hydrostatic axis has as consequence that all intersections
between the yield surface and one deviatoric plane are equal. Furthermore
because of symmetry of the intersection curve it is necessary to investigate
only all stress points between one of the hatched lines and one of the adjacent
principal axes projection (see figure 48). This can be rigorously expressed by
the following:

f(J2, J3) = const (14)

where J2 and J3 are respectively the second and third invariants of the devi-
atoric stress, and f is an even function of J3

Starting with a pure tensile state of stress and adding progressively a shear
it is possible to cover the hole space delimited by the two lines of figure 48.
Pure tension corresponds to the following stress vector:
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Pure shear

Pure tension

Pure compression
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s2

Figure 48: Sector of the space of principal stresses to be investigated to
determine the yield locus of a ductile metal.
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where the first term on the right represents the hydrostatic part and the
second the deviatoric one.
Pure shear can be expressed by the following:

{σ} =





σ0

−σ0

0





(16)

which has no hydrostatic component and a maximum shear equal to τ = σ0.
Equation 15 shows us that the application of a pure tension generates a
hydrostatic component, which has no effect on metals. In case of a material
which yielding depends on the hydrostatic component as well as from the
deviatoric one it is necessary to investigate the effects of both separated and
together. That is the simple one dimensional tension plus superimposed
shear load does not suffices.
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8.3.4 Von Mises, Tresca and Hill’s Yield criteria

The three yield surfaces having the best agreement with the experimental
behaviour of metals are Tresca and von Mises laws. Tresca suggested that
yielding occurs when the maximum shear stress reaches a critical value. Von
Mises’ criterion states that yielding is related to the value of the second
invariant of the deviatoric stress, J2. The two yield loci are shown in figures
49 and 50. The Tresca locus is piecewise linear in the space of the principal
stresses and represents a cylinder having hexagonal base. In the semi-plane
delimited by the positive σ1 and the negative σ3 axis projections Tresca locus
is analytically described by the following:

σ1 − σ3 = 2 ·K (17)

Von Mises yield locus represents a circle on the deviatoric plane (π- plane),
which equation is given by substituting equation 13 into the following:

(σ1 − σ2)2 + (σ2 − σ3)2 + (σ3 − σ1)2 = 2 · k2 (18)

note that the constant k of equation 13 is different from K of equation 18.
The Hill’s criterion represents an adaptation of von Mises’ criterion to non-
isotropic metals.

Figure 49: Tresca, Mises and
Hill yield loci projected on π-
plane.

Figure 50: Tresca, Mises and Hill yield
surfaces.

Basic thought is still that hydrostatic stress does not influence yielding, but,
because of anisotropy arising from previous yielding (i.e. plastic deformation)
the yield locus is not anymore circular, but elliptic. As results this criterion
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represents a cylinder having axis parallel to the hydrostatic one and elliptic
normal section (see figure 49). The equation of the surface is as follows:

H · (σ1 − σ2)2 + F · (σ2 − σ3)2 +G · (σ3 − σ1)2 = 1 (19)

where H, F, and G are coefficient related to tensile failure stresses in the
three principal directions according to the following equations:

H = G =
1

2 · σ2
1U

+
1

2 · σ2
2U

− 1

2 · σ2
3U

(20)

F = − 1

2 · σ2
1U

+
1

2 · σ2
2U

+
1

2 · σ2
3U

(21)

When the three coefficients are equal, the yield surface reduces to that of
von Mises.

8.3.5 Yield criteria for polymers

Since the beginning of the seventies it has been clear that polymers do not
generally yield according to the Mieses’ surface. Most of the assumptions on
which the theory of yielding for metals is based are simply not true for them.
Among them, the most important are:

1. Yielding is affected by hydrostatic stress, that is plastic changes of
volume occur

2. Absolute value of compressive and tensile yielding stresses generally
differ

The first assertion is referred with certainty to materials like PE, PVC, PS,
PMMA [69]. Nevertheless the difference in compression and tension yield-
ing behaviour of epoxies is well documented. This second feature is itself
a proof for the first one, in case of isotropic materials. In fact, because of
isotropy, the deviatoric stress leading to yielding can not change on a devia-
toric plane. Thus if there are differences among deviatoric stress at yielding
in a compression and tension state, this can only be caused by the hydro-
static components, which is positive in one case and negative in the other.
The same consideration is valid when the deviatoric stress at yielding varies
between a case of pure tension and pure shear, for an isotropic material.
Because of these reasons, all proposed yield surfaces for plastic materials are
dependent of hydrostatic stress. In one secular paper ([71]), Raghava, Cad-
del and Yeh, propose a yield surface in which deviatoric stress has a linear
dependence on hydrostatic stress:
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(σ1−σ2)2 +(σ2−σ3)2 +(σ3−σ1)2 +2 ·(C−T ) ·(σ1 +σ2 +σ3) = 2 ·C ·T (22)

where: C = |σUC | and T = |σUT |
The dependence on hydrostatic stress is linked to the difference between the
absolute value of compression and tension yield stresses, so that the yield
surface becomes the von Mises cylinder when the two values are equal. A
more general theory of yielding and failure for isotropic materials is developed
in [72]. Here a yield criterion, in which a linear dependence on hydrostatic
stress appears, is proposed as well:

ζ ·K√
3
· σii +

1

2
· (1 + α) · (σij · σij − 1

3
· σ2

ii) ≤ K2 (23)

where the compact notation is used (whenever a letter appears twice within
the same term a summation is implied over the range of the index). The
first term of the equation represents the hydrostatic stress, while the second
distortion energy (t.i. von Mises cylinder). The criterion is general in the
sense that parameters α and ζ allow to change the form from that of cylinder
(α, ζ = 0) to that of cohesionless solids (α, ζ very big), while Parameter K
represents a scaling factor. Values of α, ζ and K can be determined when
the three yield stresses (uniaxial tension, compression and shear) are known.
Based on the values for epoxy EP 5 in paper [64], for which the ration between
shear and tensile yield stresses is 1.6, and taken a typical value for the ratio
between tensile and compression yield stresses (for example 2) the resulting
values are α = 20 and ζ = 1, 94.

8.4 Test simulation and discussion

8.4.1 FE Model

A simulation of single lap shear specimens has been carried out in ANSYS
8.1 environment. ANSYS offers principally the von Mises, Hill and Drucker-
Prager yield criteria together with several work hardening rules. The last one
is the only criterion in which deviatoric stress depends on the hydrostatic one
at yielding. Indeed, it is offered together with the elastic - ideal plastic body,
in which after yielding no hardening takes place.
A 2D and a 3D models of the 5 mm OL specimen have been used for the
simulation with substantially equal results. The 2D FE model is shown in
figure 51. The adhesive region has been modelled by 10 elements in the
thickness, 100 in the width and the spacing has been set in order to have
smaller elements at the corners, where bigger stress components are expected



8 FAILURE MODELS AND ANALYSIS - TEST CORRELATION 100

Figure 51: 2D FE model used for the simulation of the bonded joint.

to arise. The modelled portion of the aluminium adherends reaches the point
in the real specimen where the bolts begin. Here simply support constraints
are placed both in and perpendicular to the load direction (respectively X
and Y axis) and in direction perpendicular to the plane of the specimen (Z)
on one side, while only in Y and Z directions on the other side, where the
tension load acts. This leads to the fact that the typical setting effect of the
bolt (knee in conjunction to the origin of the load - deformation diagram,
as shown in figure 52) does not appear in the simulation. The non linear
behaviour of the aluminium adherend was also modelled and non linear ge-
ometric deformations were also computed.

8.4.2 Simulation results and comparison to the experiment

An initial calculation has been attempted by using the implementation of the
von Mises criterion, but without being able to reproduce the experimental
curve: an apparent to high strain in adhesive corner elements forced the
simulation to stop
at an average shear stress of about 12-13 MPa (see figure 52). At even smaller
shear stresses the slope of the simulated stress-strain curve already deviated
from the experimental results because yielding occurred on almost the whole
adhesive length. Better results have been achieved by the Hill criterion, as
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Figure 52: Simulation of the 5 and 12,5 millimeter overlapping length speci-
mens at RT and 203 K temperatures.

figure 52 shows. Simulation of the short overlapped specimen well agrees with
the experiment. In case of the 12,5 millimeter the simulated stress strain
curve could not reproduce the tests. As already said, the relatively good
results achieved by the Hill criterion for the 5 millimeter overlapping lengths
appear in this case a contradiction, because a yield criterion developed for
non isotropic materials is applied to an isotropic one. The reason for that
is probably that the 5 millimeter overlapped specimens, being very stiff and
having a short bonding length, develop a high shear on the whole bonding
length. This leads to an average stress which is shear dominated and relative
constant then peel stresses develop only at the edges. In case of the other
bonding lengths, this statement can not be done: shear stress is mainly elastic
in the centre of the bonding line and reaches the yield value only at the edges,
where peel stress has much bigger amplitudes. The joint gives no decided
signs of yielding on a macroscopic scale, but plastification at the edges is
driven by the peel stresses. Taken as reference figure 48, the behaviour of
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the short and stiff specimen is closer to the pure shear line than that of longer
bonding lines and thinner adherends.

8.5 Conclusions

The first (trivial) conclusion that can be taken, according to the literature
and to this work, is that in no case the behaviour of an epoxy adhesive can
be modelled by von Mises yield criterion. As several papers report, plastic
materials show a dependence of the deviatoric stress on the hydrostatic stress
at yielding. Yielding surfaces capable of describing this behaviour need the
determination of the yielding behaviour in case of pure tension, pure com-
pression and, in some cases, also of pure shear, because a number of adjusting
parameters must be determined. The experimental work needed to investi-
gate the suitability of other yielding surfaces required an effort which was
not justified in this research project. On the side of the simulation, ANSYS
did not offer the possibility to model such yielding behaviour. The imple-
mentation in ANSYS of a yielding surface available in the literature was also
not possible for the same reasons discusses here above. Application of the
Drucker - Prager yield criterion did not give good results, because ANSYS
does not provides a hardening rule for it, but only the ideal perfectly elastic
- perfectly plastic behaviour, which leads to extremely high plastic strains at
the bonding edges. The partial success achieved by the Hill yield theory is
justified because of the differences in the stress state among short and long
overlapping lengths, but not because of its suitability for adhesive materials.
A final remark on the behaviour at failure of the adhesive should be made.
In all tested configurations, except from the short overlapping lengths, joint
failure occurred suddenly without any macroscopic sign of yielding (i.e. re-
duction in joint shear modulus) as could be expected for a material under-
going marked plastification. This results in the impossibility to foresee joint
failure by means of FE simulation, except for the 5 mm OL for which after an
initial slope, plastification occurs and the average stress strain curve follows
a second (apparent) shear modulus (see figure 52).
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9 Laminate analysis

9.1 Introduction

A numeric laminate analysis, under thermal and mechanical loads has been
carried out with the aim to investigate the potential of FRPs in cryogenic
containment. The response of several base materials and their combination
has been computed and compared to that of metals and to test results on
thermo- mechanically shocked specimens. Results from several failure theo-
ries are also shown and compared.

9.2 Modelling thermomechanical loads

In addition to mechanical loads, i.e. inner pressure and inertial loads, cryo-
genic structures can be affected by thermal loads, depending on several fea-
tures, among which, material combination and joint types among several
parts of the structure. Material combinations are responsible for thermal
loads because of differences in thermal expansion coefficients (CTE).

Figure 53: Representation of
typical mechanical load (due
to inner pressure) in tank
structures.

Among them and as a particular case (as
discussed in chapter 5), are orthotropic ma-
terials, like fibre reinforced plastics, in which
the same thermal loads may occur in lami-
nates, due to the difference in CTE between
fibre and normal to fibre directions. More
in depth, thermal loads in cryogenic struc-
tures have a stationary component and a
transient one: a dynamic thermal field, aris-
ing during cooling down, generates transient
loads in the structures, which may exceed
the stationary value, as demonstrated for
cross ply laminates in [32]. These transient
effects, though not to be neglected, have in
FRPs cross ply laminates a main influence
on stress in fibre direction, which results in
no lost of permeability, until overall failure of the tank structure occurs.
Major concerns arise from stresses perpendicular to fibres, but whose maxi-
mal value is reached only after transient phenomena has declined (Baier and
Haberle, [38]). Based on these considerations and taking into account the
primary purpose of assessing the overall suitability of composite materials
for cryogenic tank applications, non stationary effects have been neglected
and a simple stationary temperature load has been considered. Mechanical
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loads modelling may be carried out through geometrical assumptions, which,
though not affecting general validity of the results, allow an easy correlation
among geometric parameters, cryogenic liquid pressure and resulting loads
on the tank structure. Following this approach, two geometries are investi-
gated: cylinder and sphere. For these two configurations mechanical tension
due to inner pressure is given by the well known relations:

for a sphere

NZ = Nφ =
P ·R

2
(24)

for a cylinder

NZ =
Nφ

2
=
P ·R

2
(25)

Where P is the cryogenic fluid pressure and R represents curvature radius
of the structure. By means of this assumptions it is possible to identify a
merit parameter, i.e. the P ·R product, to evaluate and compare the overall
performance of several materials / material combinations. If considered as
separated load cases, thermal and mechanical loads have completely different
effects on optimal laminate layout. For the mechanical load case, fibres shall
be in the load directions and thus a cross ply laminate is the best choice.

0 20 40 60 80 100

0

10

20

30

40

50

s2U

70

Ply angle [Deg]

T
h
e
rm

a
l s

tr
e
ss

e
s 

[M
P

a
] s2

t12

+q
-q

DT= -330 K

x

y

Symmetry plane

Figure 54: Thermal stresses
contributing to IFF in CFRP
[0/ ± θ]S laminates, due to
thermal loads.

In case of thermal load, orthotropicity of fi-
bre reinforced plastics, produces increasing
stresses perpendicular to fibres, as ply an-
gle increases. Thermal stress is computed
by means of the CLT, for a symmetric lam-
inate and shown in figure 54, in which it is
clearly pointed out that stress perpendicular
to fibres (σ2) in the cross ply configuration,
reaches the UD ply failure value, or in the
best case it approaches it, as just thermal
load is applied, leaving no room for addi-
tional mechanical loads. In addition, shear
stress, begins to increase for very low ply
angles and, though it does not approach its
failure value, it may add its effect to pro-
mote inter fibre failure in correspondence to
relative low σ2 values. Effects due to inertial
loads comprise, among others, local stresses at load introduction points and
effects related to global geometry, like buckling, both of which can not be
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treated without assumptions on the global vehicle architecture and mission
profile. Thus they will not be considered in this work.

9.3 Load scaling factor

An essential point for the study of tank structures, particularly in consider-
ation of the reduction of development costs, is the identification of scaling
factors for the loads affecting the tank. As for the previous paragraph, in-
ertial loads can not be treated separately for tank and rest of the vehicle,
and thus no possibility arises to treat the problem from a general point of
view. On the contrary, this possibility exists for the case of thermal loads
and inner pressure, at least when the analysis is restricted to the two geome-
tries indicated above, as far as wall thickness can be neglected respect to the
radius of curvature (thin wall). This is the case of typical laminates for tank
structures, where the value of the radius is in the order of 500 millimeter, or
more, and laminate thickness range in the order of 5- 10 millimeter or less.
In this condition membrane stresses at locations far from the end domes are
still given by preceding equations 25. Starting from that, if a radius R1, and
pressure P1 produce a state of stress NZ and NΦ in the vessel, the same stress
is produced by a radius R2, smaller than R1 and pressure:

P2 = P1 · R1

R2

(26)

Based on these considerations, a small cylindrical or spherical structure of
radius R2 can be tested to gain information on the behaviour in the full scale
structure.

9.4 Numerical Design of laminates for cryogenic tanks

The numerical analysis has been conducted taking as geometry an infinite
cylinder, for which the circumferential load, NΦ, amounts to two times the
axial load. Thus a symmetrical laminate, having four layers in axial and
eight in circumferential direction has been chosen, as starting configuration.
Layer angles have been parameterized, but the overall symmetry and bal-
anced lay-up of the laminate has been kept during the simulation in order to
avoid tension - bending coupling effects, which is a usual goal in real lami-
nates. Aim of the simulation is to find the combination of laminate angles
which provides the highest load capability for each of the considered mate-
rials. A further comparison to metallic materials has also been performed
to investigate if FRPs may offer real weight saving in cryogenic tank struc-
tures. Constraining effects have been taken into account inasmuch, even if
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they may occur only for inner plies, a full leak path forms only when all plies
in the laminate have developed cracks. The dependence of plies real IFF
from the stiffness of the rest of the laminate, and thus from the orientation
of surrounding plies, has also been neglected. Thus a ply strain allowable
amounting to ε2 = 1.4% and a laminate strain allowable amounting to 0.4%
have been considered, according to the one which occurs for first. This fur-
ther assumption means that achieved results represent an upper boundary
for the load carrying capability of the laminate, which can be approached
only if the majority of its plies fail as the constrained failure strain has been
reached and not for lower values. In the real laminate, outer plies will de-
velop micro cracks already at lower strains, thus the influence of these cracks
on laminate fatigue life should be investigated.
A lower value of the load capability has been calculated by using UD failure
figures, that is, neglecting all constraining effects. As results a range of loads
is produced in which the real capability of the laminate must lie. Together
with the mechanical load a thermal load has been applied, consisting of the
difference between LH2 and curing temperatures, so it varies according to
the resin system. This approach represents the inverse of the laminate de-
sign problem and had to be adopted in order to minimise the number of
parameters in the simulation, which could not be managed manually. An
automatic approach has been attempted, by exploiting genetic optimization
methods, but did not conduct to useful results. Reason for that has to be
attributed to the particular effects of the load case on laminate stress dis-
tribution: because applied load is a tension and laminate is symmetric, ply
stacking sequence has only a secondary effect on ply stresses, so that the
genetic algorithm could not retrieve useful improvements in laminate per-
formances after several generations. Results of the analysis are normalized
respect to the product between laminate thickness and material density. This
results in a figure, the specific load capability (SLC), giving the amount of
pressure load, P, in a given tank radius, R, that can be carried by a unitary
weight of material:

SLC =
P ·R
ρ · t (27)

In fact weight of a laminate is proportional to the volume and density. Thus,
if laminate surface is taken unitary, weight will depend only on density and
thickness. A first analysis has been done by considering only FRPs in order
to rank the several non metallic materials available on the market. The
material giving the best performances has been used as term of comparison
to conventional metallic materials, like 2219-T87 alloy, and new generation
ones, like the 2195-T6 aluminium lithium alloy.
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Figure 55: Results of the thermomechanical analysis. Specific load is shown
for several FRP materials (left). Right, comparison among IM7/8552 and
metallic materials Show the preponderant effect of thermal load on FRPs.

Figure 55 shows numerical results. The specific load capability of reinforced
plastics is strongly conditioned by the chosen strength: simulation using
constrained data results in load carrying capability which is more than two
times that of unconstrained plies for all considered materials. The reason
for this difference is that thermal loads alone produce ply stresses which
approach UD strengths in angle ply laminates, as shown in figure 53. Thus
constrained strength, if fully taking place, provides a remarkable additional
capability. On the plane of single materials, behaviours of HM carbon fibres
is worse than that of HT and IM ones, because the combination of the high
module and high (negative) CTE leads to higher thermal loads than for
the other ones. Even glass fibres show in this respect a better behaviour
than HM carbon fibres, but for the opposite reason that they have very
low stiffness and high CTE in fibre direction which minimizes mismatch
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with the direction perpendicular to fibres. Noteworthy is that stress for all
plies in the analysed laminate is characterized by a σ2 component which
approaches the failure value, that is at maximum load all ply develop inter
fibre microcracks, thus a leakage path through the thickness. Analysis on 8-
ply [β/− β/θ/− θ]s laminate resulted in similar specific load capability that
by the 12- ply laminate (0.26 and 0.08 for the IM7/8552 with constrained
and UD strength respectively).

9.4.1 Discrete gradient materials

The term ”gradient material” identifies a material in which one or several
properties change along one or more spacial directions, like for example the
thickness. A change in mechanical properties can be achieved in FRPs when
for example fibre percentage changes along the thickness.
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Figure 56: Dependence of tensile strain and CTE both perpendicular to fibre
on fibre percentage. Their ratio CTE

epsT
is also shown

Another way is that of laminating plies composed of different fibres or even
when a homogeneous material is laminated together with FRPs. According
to this definition even usual CFRP laminates, when composed of plies lami-
nated with different angles, can be considered discrete gradient materials.
Application of gradient materials in order to increase composite tank load
capability has been considered here. Purpose of the investigation, carried
out in the form of a numeric optimization, was to design a laminate lay up
composed of some load bearing layers, in which micro cracks are tolerated,
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and of some other layers, free from micro cracks, which provide a gas barrier.
These barrier layers should be less stiff than the those carrying the load, but
have a higher failure strain in order to follow laminate deformations imposed
by the external load.
Determination of ply properties for fibre percentage different from the usual
values available on the market has been carried out by semi-empirical re-
lations taken from Herrmann (reference [53]). According to these relations,
CTE in direction perpendicular to fibre depends on fibre percentage as shown
in figure 56. In case of failure stresses, no semi- empirical relations were
available thus the values for intermediate fibre volumes were gained by linear
interpolation starting from those for pure matrix and those for usual fibre
volumes (typical Vf=60%). Thus Failure stress in and perpendicular to fibres
for V f = 30% results from the following:

σ30% = σM +
σ60% − σM

0.6
· 0.3 (28)

Where σM is the property for the pure matrix and σ60% that corresponding
to 60% fibre percentage.
As fibre percentage is reduced, UD failure strain and CTE perpendicular to
fibre direction increase, but as their ratio show, CTE undergoes smaller rel-
ative increments than failure strain. This characteristic could help the layer
with small fibre percentage to resist the high thermal and mechanical strains
without that inter fibre cracks develop.
The failure criterion previously used for normal CFRPs has not been applied
in this case because cracks were tolerated in the laminate, but the barrier
layers. Thus Puck criterion and UD allowables were applied to determine
failure of gas barrier plies.
The inverse of Specific Load Capability, as defined in equation 27, has been
chosen as object function, while design variables were material type, fibre
percentage and ply angle, while number of plies was fixed and equal to 10.
Thickness was given as parameter: for usual fibre percentage the ply thick-
ness of the prepregs available on the market was chosen, while for lower fibre
percentages the fixed value 0.1 millimeters was chosen. The optimization
has been carried out by the GAME algorithm developed at the Chair for
Lightweight Structures. Initial population amounting to 500 individuals and
100 generations were calculated. Figure 57 shows the change in objective
function within the optimization. The final laminate is shown in table 22.
This final laminate achieves a SLC equal to 0,476, much higher than that
achieved by IM7/8552 or aluminium. Nevertheless the laminate not sym-
metric, thus subject to several drawbacks. A second optimization has been
carried out with a 10 layer laminate, in which layup have been kept symmet-
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ric except for the two central plies (ply 5 and 6). In this case the final SLC
was 0,28, value under that achieved with aluminium 2195.

0 50 100
0
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15

Generation

1/
SL

C
Optimization steps

Figure 57: Object function change in dependence of the generation num-
ber. Very steep changes are initially achieved, but than the load carrying
capability does not significantly change.

If these values are compared to the 0.26 achieved by standard IM7/8552,
they are very competitive. Nevertheless two issues must be briefly discussed.
First, the calculation does not make use of any degradation model to com-
pute load redistribution as one ply fails in direction perpendicular to fibres.
Second, if cracks are tolerated and impermeability is achieved by means of
a liner, than the standard IM7/8552 has far higher capabilities than those
shown in figure 55. In fact a 13 layers symmetric cross ply laminate with
a strain allowable of 0.8% (which an in- laminated aluminium sheet would
stand at cryogenic temperature without fail, as seen in chapter 5) would reach
an SLC of 0,585. At a laminate strain equal to 0.8% fibres are less stressed
than in case of the laminate resulting from the optimization, in which the
Puck index for fibre failure of 4 plies is around 1 (see table 22). Again the
point to be clarified is actually the effect of micro cracks when repeated load
cycles are considered.
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Ply
Material Vf [%]

Angle Thickness Puck index
Number [deg] [mm] (fibre) (Matrix)

1 T300/Epoxy 60 90 0,23 0,91 1,00
2 T300/Epoxy 27 -26 0,1 0,23 2,46
3 M40/Epoxy 60 -16 0,203 0,99 4,27
4 M40/Epoxy 60 26 0,203 1,02 4,72
5 IM7/8552 60 90 0,125 0,26 6,91
6 T300/Epoxy 60 -46 0,23 0,56 3,37
7 T300/Epoxy 60 79 0,23 0,93 3,45
8 Glass/Epoxy 25 90 0,1 0,37 5,58
9 Glass/Epoxy 34 -84 0,1 0,3 7,14
10 T300/Epoxy 60 -79 0,23 0,56 4,92

Table 22: 10 layer laminate resulting from the optimization

9.5 Conclusions

An attempt to foresee the load capability of FRPs in unlinered tanks has
been done by applying analytic means. As first step, the available failure cri-
teria have been tested in order to understand if and which one is able to make
predictions close to the reality. For that purpose tensile specimens have been
manufactured and tested under room and cryogenic conditions and laminate
failure strains have been calculated by the several known failure criteria. A
comparison has shown marked divergence among prediction and reality when
quadratic and some physical criteria are applied. When thermal loads are
included in the simulation Tsai-Hill, Tsai-Wu and Puck criteria underesti-
mate the real failure load in such a manner that their predictions may be too
conservative for design purposes.
The following step has been to choose a suitable failure criterium which could
provide credible predictions for the laminate design. As possible solution a
mixed criterium consisting of two failure conditions has been adopted. The
first one being maximum laminate strain and the second one maximum layer
strain perpendicular to fibres. The values 0.4% and 1.4% respectively have
been taken as allowables for the two strains. Laminates have been consid-
ered to fail when one of the two conditions is verified, that is laminate and/or
ply strain exceeds the allowable. The practice of taking laminate strain al-
lowables is common in the design of composite structures, while a second
condition on ply failure strain is needed because of the very high thermal
strains at ply level due to the thermal load. This ply failure strain represents



9 LAMINATE ANALYSIS 112

a realistic crack onset value even when constraining effect are considered,
while it is an overestimation of the crack onset strain for facesheet plies, in
which no constraining effect takes place.
Based on these considerations the laminate specific load for several CFRP
materials has been calculated and compared to that of conventional and new
aluminium alloys. When repeated load cycles are not considered, the spe-
cific load capability of metallic alloys is superior to that of CFRPs (although
the influences of different joining and technological characteristics could not
be included in the evaluation). This comparison showed that metallic al-
loys possess higher potential in cryogenic lightweight structures, when yield
stresses are used as allowables. In case the effect of repeated load cycles is
considered, the progressive reduction of stress allowable of metallic alloys can
be estimated by means of simple Whöler curves. In case of CFRPs the effect
of micro cracks and their propagation can not be estimated with analytical
methods if adequate experimental results are not available. These cracks
form in the facesheet plies of composite laminates when they are loaded with
mechanical strains reaching 0.4% at cryogenic temperatures (as seen in chap-
ter 6). If micro cracks can be tolerated, at least for limited numbers of load
cycles, than the lightweight potential of CFRPs is far superior to those alu-
minium alloys provide. This could be the case of expendable, or even reusable
launchers, which in any case would experience a relative low number of mis-
sions. In any case a gas barrier is needed to prevent gas from penetrating
the tank wall through the cracks and thus escape as in the case of the X-33
hydrogen tank. In that respect the analysis carried out on gradient materi-
als did not show competitive potential in comparison to a metallic barrier in
the form of an aluminium sheet. Two reasons can be used to argument this
statement:

• In order to avoid crack occurrence at least in one ply, the laminate must
be stressed for lower mechanical strains than in case an aluminium layer
is foreseen

• A metallic liner provides a higher impermeability than a CFRP ply
having small fibre percentage. This is particularly true at room tem-
perature
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10 Summary and outlook

Some aspects of composite materials application to cryogenic tanks have been
investigated in this work, both from a numerical and experimental point of
view, including CFRPs suitability to cryogenic environment, manufacturing
and joining techniques. From the point of view of the material the main
question, which this work answers, arises from inter fibre (IF) cracks, also
known as microcracks, that may form within the laminate due to the signif-
icant thermal load under which the composite is subjected. These cracks,
spreading within a ply in fibre direction, do not significantly alter composite
characteristics and strength, which are dominated by fibres. Nevertheless
they may build leak paths which definitely degrade tank impermeability.
The task of predicting crack onset by means of numerical analysis has been
discussed in chapter 8. Major inaccuracies arise when UD ply failure cri-
teria together with the Classical Lamination Theory are used. Prediction
based on classic, quadratic and physical based failure criteria are too conser-
vative even at room temperature. At cryogenic temperatures thermal load
suffices to produce cracks, according to failure criteria, while in the reality a
significant mechanical load is needed. Criteria based on fracture mechanics
can predict layer failure with more accuracy but their application is limited
to a small class of laminates and one dimensional load cases. Thus a lam-
inate max strain failure criterion revealed the most appropriate choice for
failure predictions. Based on this criterion an estimation of laminate load
capability and a comparison with lightweight alloys showed equivalent po-
tential between the latter and CFRPs. A greater lightweight potential can
be achieved by today’s CFRPs only if inter fibre cracks are tolerated in the
tank wall. This can be done only if further gas barriers are used to avoid
leakage through the laminate. In that respect, the most appropriate choice
seems to be a thin aluminium sheet, because it can work in the plastic region
an thus follow the deformation imposed by CFRPs without giving origin to
high stresses. At the same time it offers high hydrogen impermeability both
at room and cryogenic temperatures.
Experimental activity focused on measurement of crack onset strains in ten-
sile specimens and measurement of CFRPs gas permeability, both at cryo-
genic temperatures. A test setup for cryogenic permeability testing (”tank
simulator”) has been developed at LLB with the purpose of investigate oc-
currence and effects of micro cracks on tank-wall-shaped specimens. Bulged
specimens are loaded by a gas pressure so that a two dimensional tensile strain
originates and opens micro cracks if they form. Test results on IM7/8552
specimens (chapter 7) showed no micro crack occurrence for two dimensional
mechanical strains averaging 0.22% - 0.235% (corresponding to a 11 bar gas
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pressure) at cryogenic temperatures. During the test campaign specimens
were cryo- cycled (100 times) and even long duration tests were carried out,
but no changes in leakage signal were measured. These results are oppo-
site to those achieved by Yokozeki, Aoki and Ishikawa ([21]) and NASA
X-33 hydrogen tank testing ([4]). They confirm that CFRPs, if the right
fibre/matrix combination chosen, can withstand a significative mechanical
strain at cryogenic temperatures without occurrence of micro cracks, but are
far from assessing CFRPs superiority to metallic alloys for cryogenic fluid
containment. For that purpose more thorough investigations are needed,
which should include:

1. Mechanical strains up to 0.6%

2. A higher number of thermomechanical cycles (in the order of 4000)

3. The sensitivity of the test setup should be increased, in order to Mea-
sure cryogenic and room intrinsic material adsorption and diffusion
properties

4. Use of other leakage gases in order to investigate the effect of chemical
reactions with CFRPs.

Goals 1 to 3 may be achieved by a major redesign of the test setup, relying
upon the experience currently gained. Increase of specimen radius and a
refined design of the metallic sealing could significantly increase sensitivity
and allow higher mechanical strains.
From the point of view of joining techniques, bonding is the one which
provides impermeability characteristics necessary to cryogenic tanks. Ex-
perimental investigation on the effect of cryogenic environment on bonding
strength showed a considerable influence of thermal load on joint strength.
After an initial increase at temperatures slight under 0oC, due to increase in
adhesive intrinsic strength, bonded joint strength significantly decreases at
very low temperatures and becomes more sensitive to peel stresses. These
act together with thermal stresses and cause adhesion failure at the interface
between adhesive and assembly part.
Numerical analysis of bonding strength and stiffness was attempted in AN-
SYS, with little success. Highly non linear short overlapped joints can not
be successfully simulated by usual material laws. Specimens with longer
overlapping length fail without reduction in the slope of the average stress
- strain curve, as could be expected if a big portion of the adhesive would
yield. Thus an FE analysis can not help predict their strength.
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