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Abstract

In this paper, the mechanical behaviors of pure
Ti and new S-Ti alloy films and CFRP/Ti-alloy
laminated composites are investigated in order to
research of development of fiber metal laminates
tanks for cryogenic rocket propellants. Tensile tests
of pure Ti and new S-Ti alloy films and CFRP/Ti-
alloy laminated composites are performed.
Characterization of the nonlinear behaviors of pure
Ti and new gS-Ti alloy films are evaluated by
elastoplastic model. As for CFRP/S-Ti alloy, it is
shown that there is little residual strain compared
with CFRP/pure Ti. Internal damage is evaluated by
cross-sectional  observation. From the cross-
sectional observation, no damage was observed in
the metal layer, though transverse cracks were
propagated in the CFRP 90 ° layers.

1 Introduction

Carbon fiber reinforced plastic (CFRP) are
attractive structural materials in aerospace structures
because of high specific stiffness and strength. To
achieve radical structural weight reduction of space
launch vehicle, application of CFRP laminates to the
cryogenic propdlant tank (e.g. liquid hydrogen
liquid oxygen tanks) has been widely attempted.
Some recent studies of the feasibility of composite
cryogenic propdlant tank indicate that matrix crack
onset and its accumulation are inevitable because of
severe thermomechanical loads when applying
conventional high performance composites to
cryogenic tanks. Those accumulated multilayer
matrix cracks might engender detrimental propellant
leakage, as shown Fig.1. Therefore, fuel leakage or
gas leakage through a damage network in CFRP
laminates turned out to be a major problem that
dominates the feasibility of compaosite cryogenic
propellant tanks. Adequate guiddines for reliable

application of CFRP laminates to cryogenic
propellant tanks are necessary from both leakage and
damage tolerance perspectives.

Yokozeki e al. curried out experimental
measurement of gas |eakage through damaged CFRP
laminates using [0./6,]s (6=45, 60, 75 and 90)
coupon specimens to assess the effect of crack
intersecting angle on the leakage [1]. Their results
indicated correlation between uniaxial loadings and
gas leak rates. Moreover, the leakage conductance
was evaluated by using the semi-analytical leakage
model based on the leak conductance of crack
intersections.

To prevent cryogenic composite tanks from
propellant leaks due to microscopic damages, metal
lined cryogenic composite tanks have been
developed [2]. However, because of significant
thermal expansion mismatch between CFRP and
linr materials, the technology has not been
established.

By the way, hybrid laminates such as ARALL
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Fig. 1. Leak path induced by multilayer
matrix crack
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(aramid fiber / aluminium laminates), GLARE
(Glass fiber / auminium laminates), and TiGr
(Graphite (carbon) fiber / Titanium laminates),
sometimes called fiber metal laminates (FML), are
made of polymer matrix composites (PMC) plies
interspersed with plies of metal film. The two
materials are assembled by bonding the PMC plies
and metal film to form a composites laminate [3].
The most important benefit of FML is improvement
of fatigue resistance. For example, it is reported that
ARALL provides up to 15-20 % lower density and
up to 60% higher fatigue strength than monolithic
auminum aloy [4]. ARALL and GLARE have been
applied for commercial aircrafts such as Fokker F-27,
Boeing C-17, Airbus A-380 and others.

This study investigates the possibility of FML
for gas barrier function. Objective of metal film
insert is to improve gas barrier property, therefore
only one metal layer was adopted. It is known that
auminium alloy is inadequate for carbon fiber
composites because of Galvanic corrosion issue,
therefore pure titanium and B-titanium aloy were
applied. Stress/strain response and behaviours of
matrix crack propagation are evaluated.

2 Experiment

2.1 Material

CFRP used in this study was IM600/#133 (Toho
Tenax, Japan). The composite laminates were
fabricated from unidirectional prepreg tapes having
a thickness of 0.135 mm. The nominal fiber volume
fraction was 55 %. Mechanical properties of
IM600/#133 arelisted in Table 1 [5,6]. Two kinds of
cold-rolled titanium films, pure titanium (ASTM G1
grade) and B-titanium alloy (Ti-36Nb-2Ta-3Zr-0.30,
Toyotsu Material Co. Ltd. Japan) [7], were prepared.
Thickness of each titanium film was 0.1 mm.

The B-titanium alloy (called as Gummetal™, and
denoted as GM in this paper) used in this study was
recently developed by Saito et al. of Toyota Central
Research Ingtitute. This titanium aloy has a super-
elasticity such as low Young’s modulus and high
elastic deformation capability (up to 2.5%),
compared to the conventional B-Ti such as Ti-15V-
3Cr-3Sn-3Al [7]. Additionally, it is reported that the

wire rod of this alloy has an Elinvar behavior with a
small temperature dependency, a low CTE from
cryogenic (-196 ) to high temperature (300 ), and
excellent cold rolling processability.

CFRP/Ti laminated composites were made by
inserting a titanium film (pure Ti or GM) in the
center of a CFRP laminate without adhesive. The
materials were cured using a hot press under a
maximum pressure of 0.5 MPa and a curing
temperature of 180 °C. The stacking sequence was
[01/[90]/Ti/[90]./[0].. The resulting composite
laminate has 1.18 mm of thickness, and 8.5 % of the
volumefraction of Ti layer.

2.2 Experimental procedure

Monotonic and loading-unloading tensile
behaviors were evaluated for pure Ti and GM.
Loading-unloading tensile tests were conducted by
repeating load and unload while increasing the strain
given to the specimen by 0.3 %. Dog-bone shaped
specimens having 124 mm length and 20 mm width
were prepared for rolling and transverse directions,
as shown Fig.3. A non-contact type optical
extensometer was used for strain measurement.

Tensile test was also performed for CFRP/Ti
composites and CFRP ([0,/90,]s) under a constant
displacement rate of 0.5 mm/min. The specimen has
190 mm length and 10 mm width, as shown Fig.4. A
contact type extensometer (GL=25 mm) was used
for measuring the strain. Microscopic damages were
observed using an optical microscope.
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Fig. 2. Stacking sequence of CFRP/Ti
composites

Table1l. Mechanical properties of IM600/#133

E, [GPa]* Er [GPa]* w* Gur [GPal*  Grr [GPal** ¢ [10%°C]** o [10°%/°C]**
153.0 8.2 0.335 3.98 7.1 -0.51 34.0
*“[5], **[6]
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3 Results and discussions

3.1 Tensile properties of pure Ti and GM

Fig.5 shows the stresg/strain curve of pure Ti.
The Young’s modulus of the transverse direction is
higher than the rolling direction. Fig.6 (a) and (b)
show the stresg/strain curves of GM. The Young’s
modulus of the transverse direction is higher than
that of the rolling direction, similar to pure Ti.
Nonlinear dastic behavior is clearly observed above
0.6 % of the strain. Hysteresis behavior is dlightly
observed in the stress/strain curves of GM.

Tensile strength, yield strain and the initial
Young’s modulus are summarized in Table 2.
Y oung’s modulus was calculated between 0.1 % and
0.3 % of strain. The GM has more than three times
the tensile strength as compared with pure Ti. On the
other hand, the Young's modulus of the GM is
amost same as that of pure Ti. The yield strain of
the GM is about 1.2 %, whilethat of pure Ti is about
0.4 %.

In this study, the modified easticity modd is
applied for the description of nonlinear eastic
behavior of GM. According to Hahn and Tsai [8],
complementary energy of orthotropic materials for
plane stress of forth-order are determine by
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Fig. 3 Test specimen for tensile and
loading-unloading test of pure titanium
and new B-titanium alloy
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Fig. 4 Test specimen for tensile test of
CFRP/Ti composites and CFRP ([0./90.]s)
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Therefore, the dadticity strain-stress relations are
shown Eq. (3).
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Moreover, the modified plasticity model is
applied for the description of orthotropic plastic
behavior of pure Ti and GM. According to Hill [9],
the plasticity potential is shown Eq (5).
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The effective stress and the effective plastic
strain are expressed as the Eq. (6) (7) when
subjected to uniaxial loading with off-axis angle
0 to the longitudinal axis (1 direction) [10].
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Therefore, the effective stress and effective
plastic strain can be expressed simply in term of
experimental values in uniaxial tensile tests. The
effective stress-effective plastic strain  relation
depends on the choice of a, and ag. The effective

stress-effective plastic  strain rdation s
approximated by Eq. (9).
&=A-Ln(g")+B ©)

The obtained parameters are summarized in Table 4.

The stress-strain curves using the obtained
parameters are compared with the experimental data
(Fig.7). The analytical results agree with the
experiment results. It is shown that the nonlinear
elastic and plastic response of orthotropic metal film
under tension load can be described using there
parameters.

Table 2 Mechanical properties of Ti and GM

PureTi GM
Roalling Transverse Roalling Transverse
Ex[GPq] 747 109.9 72.0 80.0
os[MP4] 316.0 302.9 1070.1 1117.7
ooz [MPa] 187 225 741 ~ 863 860 ~ 989
& [%)] 0471 0.498 12~15 12~15

Table 3 Nonlinear elastic parameters of GM

Su [1/GP4] Sy [/GP] Suu [1/GPa’]
Rolling 1.51x10%® -4.27x10% 4.08x10™%°
Transverse 1.15x10% 7.60x10%® 2.48x10™°

Table 4 Orthotropic plastic parameters of pure Ti

and GM
(227} A [MPd] B [MPd]
PureTi 0.97 374 188.5
GM 0.93 58.1 362.6

3.2 Tensile properties of CFRP/Ti and CFRP/GM

Fig.8 shows stress/strain curves of CFRP/TI,
CFRP/GM and CFRP. Ddamination at the interface
between CFRP and Ti layer was not observed before
the final fracture during tensile tests. Increase in
stiffness with increasing stress is observed in the
stress/strain curves of al the materials. Thisis dueto
nonlinear elastic behavior of carbon fiber [11]. For
CFRP/GM, the dlight decrease in stiffness was
observed above 1.0 % of strain compared with other
materials.

Mechanical properties of CFRP, CFRP/Ti, and
CFRP/GM are summarized in Table 5. The tensile

strength, fracture strain, and Young’s modulus of
CFRP/Ti and CFRP/GM were aimost the same as
those of CFRP. The influence of Ti film insert on
tensile strength and stiffness is not considerable. The
Young’s modulus values calculated from classical
lamination theory are also listed in Table 5. The
caculated values are almost the same as the
experimental results. The discrepancy between
calculated and experimental results is probably due
to the difference in the fiber volume fraction.

Fig.9 shows stress/strain curves obtained from
the loading-unloading tensile tests of CFRP/Ti and
CFRP/GM. For CFRP/Ti, the residual strain at zero
stress appears above 0.3 % of the strain. On the
other hand, onset of residual strain for CFRP/GM is
above 1.2 %. Fig.7 indicates that the onset strain of
plastic deformation is about 0.3 % and 1.2 % for Ti
and GM, respectively. Therefore, the residual strain
observed in the CFRP/Ti laminates is mainly caused
by the plastic deformation of an inserted titanium
layer.

Microscopic damages were observed for the
CFRP/Ti and CFRP/GM specimens subjected to
1.3 % of tensile strain. Fig.10 (&) and (b) show
optical micrographs illustrating cross-sections of the
CFRP/Ti and CFRP/GM. Transverse cracks
propagated in 90 ° layers were observed, while fiber
breakage and delamination at the interface between
CFRP and Ti layer were not observed. The
transverse cracks in 90° layer are arrested at the
surface of a Ti layer, and no microscopic damage
was observed in the inserted Ti layer. A number of
transverse cracks were counted, consequently the
transverse crack density was 4.0 cm™ for CFRP/Ti,
and 9.8 cm™ for CFRP/GM. CFRP/GM has about
25 times of crack density as compared with
CFRP/Ti. It is known that the stiffness of composite
laminates decreases with transverse crack density.
[12] The transverse crack density of CFRP/GM is
higher than that of CFRP/Ti. Therefore it is
suggested that the stiffness decrease of CFRP/GM in
Fig.8 was mainly caused by an accumulation of
transverse cracks. Experimental and analytical
studies will be made to understand the effect of Ti
layer insert on transverse crack propagation behavior.

In this study, it was revealed that
transverse cracks in CFRP do not propagate in
Ti layer, and no delamination at the interface
between CFRP and the Ti layer occurs before
the final fracture. The experiment results
suggest that this material have some gas barrier
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Table 5 Mechanical properties of CFRP, CFRP/Ti and CFRP/GM
Ex (measured) [GPa] E« (theoretical) [GPa] o5 [MPa] & [%]
CFRP 80.4 83.1 1424 159
CFRP/Ti 80.3 83.8 1563 175
CFRPIGM 824 836 1455 1.64

* Y oung’s modul us was cal culated between 0.1 % and 0.3 % of strain.
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capability. Evaluation of mechanical properties,
durability under thermal cycle and helium gas
leak behavior will be examined under cryogenic
temperature (liquid nitrogen and liquid helium)
as well asroom temperature.

This composite material has weak point in
case of making large components. This is
existence of discontinuity of a metal layer at the =
abutting edges of prepregs. The discontinuous U0
parts become the gas leak pass as shown in Fig.

1. From this viewpoint, experimental and
analytical studies should be carried out.
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Fig. 9. gresg/strain curves obtained by the
loading-unloading test of CFRP/Ti and
CFRP/GM
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Fig.10. Cross-section of CFRP/Ti and
CFRP/GM after tensile test (strain 1.3 %)
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4 Conclusions

This study investigates the possibility of fiber/metal
laminated composites for gas barrier function. The
following conclusions were made;

1. Thetensile strength and yield strain of the new
B-Ti alloy (Gummeta™) were three times
higher as compared with those of pure Ti.

2. Elastic/plastic constituent model was proposed
to evaluate the nonlinear behaviors of pure Ti
and new b-Ti aloy films,

3. Ultimate tensile strength and Young's
modulus of CFRP/Ti and CFRP/B-Ti alloy
were almost the same as those of CFRP.

4. The residual onset strain of CFRP/IGM after
unloading was about 1.2 % of strain, whereas
that of CFRP/Ti was 0.3 %.

5. No damage was observed in the metal layer after
tensile test for CFRP/Ti and CFRP/B-Ti alloy,
although the transverse cracks were propagated
in CFRP 90 ° layers.
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