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ABSTRACT

One method of increasing mechanical joint efficiency
entails the reinforcement of the joining area with thin
metal laminates. The suitability and efficiency of ti-
tanium as a reinforcing material was researched and
proven at the Institute of Composite Structures and
Adaptive Systems of the German Aerospace Cen-
ter in Germany (DLR). Experimental results show a
significant gain of bearing strength and bolted joint
strength. An efficient design of the transition from
composite to hybrid titanium composite material has
been developed which enables the local use of metal
reinforcement techniques in structure interconnec-
tions and force transmission points.

Key words: bolted joint; hybrid material; local rein-
forcement; composite structure; titanium.

1. INTRODUCTION

The increasing requirements for weight reduction de-
mand more and more the use of composite material
in aerospace applications. There has been a pro-
gressive increase in the number of metal parts and
structures replaced by composite materials, not only
in military but also in civil aircraft design. Thus, the
A380 aircraft shows a composite content of 23%, and
the future Boeing 787 is expected to contain 53% of
composite material. The use of advanced compos-
ite material not only permits a useful reduction in
structural weight, but also virtually eliminates fa-
tigue and corrosion handicaps and offers flexible and
cost-efficient manufacturing possibilities with high
structural integrability .

The use of composite material for spacecraft appli-
cations is also steadily increasing. The efficiency of
space launchers is limited by the systems structural
weight. Thus, every design measure for structural

weight reductions contributes to a payload increase
and a cost reduction.

The replacement of the Ariane 5 steel booster by a
composite wound structure represents a good exam-
ple of this trend, which arises from the requirements
of manufacturing cost reduction, higher structural
integrability, weight savings and higher performance
by higher operating pressures (Dudenhausen et al.,
2002).

Although composite technology offers the advantage
of reducing the need of structural coupling by means
of integral design and special manufacturing tech-
niques, huge composite structures like future com-
posite boosters may show structural interconnections
due to production limitations as well as handling and
transportation requirements due to established logis-
tics.

One of the main methods currently used for join-
ing components is still mechanical fastening, which
has the advantage of no special surface preparations,
easy disassembly and inspection and represents a re-
liable well-established and well-known method from
its origin in the design of metallic structures. Nev-
ertheless, to attain a satisfactory structural coupling
efficiency with mechanical fastening is much more
challenging with composite materials than it is for
metals due to a high notch sensitivity, a lower shear
and bearing strength and a dependance on laminate
configuration. These properties represent a limiting
factor on structural performance of composite struc-
tures and require special reinforcement techniques.

The load capacity of composite bolted joints is typi-
cally increased by means of a local laminate buildup
at the structure coupling area. Thus, root joints,
which are characterized by a high structural load
transfer, tend to have a considerable laminate thick-
ness. This can result in additional stresses due to
eccentricities, particularly in the case of a one-sided
padup, and can lead to complex geometries of ad-
jacent structures as well as weight penalties due to



2

Bolt CFRP layers

Metal foils

Figure 1. Local reinforcement at bolted joints

larger bolts and metal fittings.

2. CFRP/TITANIUM HYBRID MATER-
IAL

One design approach to increase the joint efficiency
of highly loaded joints entails the local reinforcement
of the joining area with thin metal foils, which are
embedded into the composite laminate by replac-
ing corresponding composite plies. This approach
eliminates any laminate thickening, keeps membrane
loads undeflected thus eliminating secondary stresses
and reduces the geometrical complexity of the struc-
tures (Figure 1). Composite plies contributing most
to total load carrying remain uninterrupted and pass
from the composite region to the titanium reinforced
region. The use of thin titanium foils enables a
smooth load transfer from the composite plies be-
ing interrupted at the transition region to the tita-
nium hybrid material and reduces stress concentra-
tions due to load deflection and cross-section diminu-
tion. The minimum usable titanium foil thickness is
limited by the laminate stacking and composite sin-
gle ply thickness on the one hand and the foil raw
material costs and foil production limitations on the
other. The foil thickness determines the manufac-
turing efforts and costs of the reinforcement tech-
nique; though manufacturing costs can be reduced,
using thicker metal foils compromises the coupling
efficiency of the transition region.

With its high specific mechanical properties, its cor-
rosion resistance and electrochemical compatibility
to carbon material, titanium is deemed to be the best
material choice in combination with carbon compos-
ite material. The relatively low coefficient of thermal
expansion in comparison to carbon laminate leads to
low residual thermal stresses excited during curing
at high temperatures (180◦ for conventional prepreg
systems) and cooling down to room temperature.
Thus, both stress concentrations at free edges and
holes, and the diminution of the elastic behavior of

� � � � � � � � � � � � � � 	 � �

 � � 
 
 � � �

� � � ��
� � � �

�
�
� � � � �

� 	 � � � 	 � � � � � � � � 	 
 
 �
�



�  � �
�
� � 
 �

�
� � � � � ��

� � � �

� � � � � � � � � � � � � � 	 � �

 � � 
 
 � � �

� � � ��
� � � �

�
�
� � � � �

� 	 � � � 	 � � � � � � � � 	 
 
 �
�



�  � �
�
� � 
 �

�
� � � � � ��

� � � �

! " # $ % & ' ( " ) ! " * # & $

+ , ! - . / # 0 1 $ # 2 3

/ ' 1 $ 4 # 0 # & $ ' " * # & $

- 2 ' " ( & 3 5 & 4 # 0 "

' " * # & $ + , ! -

! " # $ % & ' ( " ) ! " * # & $

+ , ! - . / # 0 1 $ # 2 3

/ ' 1 $ 4 # 0 # & $ ' " * # & $

- 2 ' " ( & 3 5 & 4 # 0 "

' " * # & $ + , ! -

Figure 2. Hybrid Material Configuration

the hybrid material can be kept low. However, due
to its higher absolute strength and low raw and foil
material cost, stainless steel is also considered and re-
searched as reinforcement material. Its higher ther-
mal expansion coefficient and density and its elec-
trochemical sensitivity to carbon are some disadvan-
tages.

2.1. Manufacturing

Prepreg technology is deemed to be the most appro-
priate manufacturing technology since it is widely
used for highly loaded structures in a great variety of
applications. Furthermore, prepreg technology offers
a high flexibility considering the design of the mul-
tilayered hybrid material. Ply substitutions can be
optimally arranged within the transition region with
regard to the laminate configuration. Nevertheless,
the suitability of resin infusion techniques consider-
ing the local use of hybrid material has also been suc-
cessfully demonstrated. However, the use of tailored
non crimped fabrics does not offer the high design
flexibility of prepreg material and complicates to a
certain degree the realization of an optimal ply sub-
stitution technique. A reasonable infusion strategy
ensures the complete impregnation of the reinforced
area without voids.

The lay-up process consists of stacking alternate lay-
ers of 0.3mm thick titanium alloy foils (Ti6Al4V)
and 0.125 and 0.25 thick prepreg plies (Ciba 6376C-
HTA/HTS), without adding any adhesive film (Fig-
ure 2). The selected titanium surface pretreatment
consisted of a surface cleaning and a chemical pick-
ling pretreatment which provided an optimal ad-
hesion quality between the metal and the prepreg
resin. Higher adhesion performance and delamina-
tion growth attenuation was achieved generating a
metal surface macroroughness by means of surface
grit blasting.
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Figure 3. Interlaminar shear strength in dependance
of temperature and moisture

3. MECHANICAL PROPERTIES

Based on the prepreg technology, the mechanical be-
haviour of CFRP/Titanium as a reinforcement hy-
brid material has been analyzed by means of a va-
riety of experimental tests. The investigation of the
mechanical potential has been mainly focused on the
strength increase of bolted joints.

3.1. Interlaminar Shear

The fracture resistance of the adhesion interface be-
tween the pre-treated titanium surfaces and the resin
was evaluated by means of mode II in-plane shear
tests. Short beam tests were run under the combined
effect of temperature and moisture exposure. Cohe-
sive failure has been observed. The reason for lower
interlaminar shear values measured for the hybrid
material is found in the superposed effect of thermal
residual stresses (Figure 3).

3.2. Bearing Ultimate Strength

Bearing tests have been conducted with specimens
showing different titanium contents. All prepreg
plies were oriented in one direction. In addition, car-
bon specimens with different laminate configurations
were tested for comparison (Figure 4). A bolt diam-
eter of 6mm was used and installed with a clearance
fit and a clamping torque of 0-0.6mm. The tested
specimens featured an edge distance to diameter ra-
tio of 3 and a width to diameter ratio of 4 and 5. The
static tests were conducted up to failure in on-axis
and 90◦-off-axis loading direction.

Test results demonstrate the advantage of titanium
reinforced composite material which offers a strength
increase of about 80% under on-axis loading and
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Figure 4. Bearing strength of Hybrid material in de-
pendance of the titanium content

Bearing

927

671

366

1875

1470

570

1955

1655

0

500

1000

1500

2000

2500

CFRP
(UD)    +Ti

(54,5%)
e/d=3

CFRP
(UD)    +Ti

(54,5%)
e/d=3 off-

axis

CFRP
50/40/10

e/d=3

CFRP
10/40/50

e/d=3

CFRP
70/20/10

e/d=3

CFRP
(UD) e/d=3

Ti (100%)
e/d=2

Ti (100%)
e/d=1,5

B
ea

ri
n

g
 s

tr
en

g
th

, M
P

a

e

w

d

Figure 5. Bearing strength of different material con-
figurations

180% under 90◦-off-axis loading compared to the
bearing properties of a [50/40/10] carbon laminate
(Figure 5). Higher strength increase rates result
when comparing with laminates with a higher de-
gree of anisotropy. Hybrid material containing 54%
titanium offers similar bearing strength to titanium
alloy.

The maximum specific on-axis bearing strength of
the hybrid material, found at a titanium content of
about 55% (Figure 6) is slightly lower in compari-
son to that of [50/40/10] carbon laminate, whereas
the 90◦-off-axis bearing strength is about 40% higher
(Figure 7). However, the laminate specific strength
does not reflect the absolute weight efficiency of the
joint, since the laminate represents only a fraction of
the whole local joint design of the structure. The re-
alization of high absolute joint strengths contributes
to reduced complexity and weight of secondary joint
components such as bolts, fittings and connecting
parts to a high extent, thus reducing the overall joint
weight. The crucial effect of indirect weight savings
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Figure 6. Specific bearing strength of hybrid material
in dependance of the titanium content
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Figure 7. Specific bearing strength of different mate-
rial configurations

can be demonstrated in the composite booster ap-
plication. Analytical estimations predict an absolute
weight saving of about a quarter tonne for each inter-
segmental joint in comparison to a composite mono-
lithic design, due to a one-row instead of a two-bolt-
row design, smaller steel connecting rings and less
amount of bolts.

3.3. Bolted Joint Strength

3.3.1. Static Ultimate Strength

Double-lap three row bolted joints on hybrid lami-
nates containing unidirectional carbon plies and var-
ious titanium contents (13, 23, 34 and 54.5%) were
subjected to both on-axis and off-axis static ten-
sile tests (Figure 8). For comparison, unreinforced
50/40/10 carbon laminates were also tested. Hi-Lok
bolts (HL20-8) with a diameter of 6.35 mm and steel
collars HL94-8 were used and installed with a clear-

Figure 8. Three-row bolted joint
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Figure 9. Bolted joint strength of hybrid material in
dependance of the titanium content

ance fit of H8/f7 and a clamping torque moment of
7-9 Nm. Absolute joint strength behavior is char-
acterized by a steady increase, with rising titanium
content, attaining its maximum value at about 25
volumetric content (Figure 9). The comparison to
the bearing results demonstrates the dependence of
the optimal titanium content on the number of rows.

In comparison to unreinforced bolted joints, the test
results show not only a tensile strength improvement
of up to 91% but also a maximum gain of specific
tensile strength of 32% for a titanium content of ap-
prox. 20% (Figure 10). The failure mode of all tested
specimens was characterized by net tension and de-
laminations located at the outer bolt row.

The effect of through-the-thickness clamping forces
on torqued bolts was roughly analyzed on speci-
mens containing 23% and 34% titanium. In com-
parison to torqued joints, the tensile strength of un-
torqued joints show a reduction of only 4%. Since
unclamped bolted joints on 70/20/10 prepreg lami-
nates feature a 21.8% lower tensile strength in com-
parison to clamped bolted joints, CFRP/Titanium is
deemed to show a relatively low sensitivity regarding
through-the-thickness clamping.
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Figure 10. Specific bolted joint strength of hybrid ma-
terial in dependance of the titanium content
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3.3.2. Dynamic Strength

The fatigue strength of bolted joints was experimen-
tally evaluated with specimens being subjected to
the standardized MINITWIST load sequence, which
is commonly applied for the analysis of the dy-
namic behavior of wings. The maximum overload
amounted to 66% of the static tensile strength. All
specimens withstood 180000 flights without failure,
which represent 5 times the A-320 aircraft life. The
residual strength after dynamic loading was even
higher than the static tensile strength (Figure 11).

4. TRANSITION REGION

In order to exploit the mechanical advantages of a
local metal reinforcement by means of ply substi-
tutions without laminate thickening, the transition
region between the titanium reinforced material and
the composite laminate has to be carefully designed
to achieve a joint efficiency at least as high as that

Figure 12. Transition region before and after testing

of the bolted joint (Figure 12). Due to their lowest
load carrying, first the 90◦-layers and then the ±45◦
layers are replaced by titanium foils. Finally, some of
the highly loaded 0◦-layers may be replaced. Thus, a
smooth transition from carbon laminate to the rein-
forced composite is achieved without laminate thick-
ening and eccentricities, reaching joint efficiencies of
80% which enable the local use of the reinforcement
approach. Since the use of fabrics for resin infusion
techniques usually do not permit the separation of
single plies with one orientation, the design of the
transition region and the suitability of the reinforce-
ment philosophy has to be carefully analyzed.

5. APPLICATION

The advantages of a hybrid material as a locally
applied reinforcement technique could be demon-
strated with reference to the advanced CFRP Ar-
iane 5 booster case (MAN, 2004). The reference
CFRP monolithic joint design was characterized by
a two-row bolted joint with a considerable local lami-
nate thickening of 122%. An alternative hybrid joint
design results in a weight reduction of about 36%
(Fink et al., 2005). Since no laminate thickening is
needed to improve the laminate bearing properties,
no secondary stresses are excited by local eccentric-
ities. An eccentricity of the magnitude of half the
laminate thickness leads to 4 times higher stresses
(Kolesnikov, 1999). Elimination of laminate thick-
ening also leads to lower bolt bending and conse-
quently to lower through-the-thickness stress gradi-
ents. Shrinkage stresses due to through-the-thickness
gradients of the cooling rate, mainely associated with
thicker laminates, are eliminated, since the laminate
thickness is kept low and the inserted metal foils
contribute to a homogeneous heating and cooling
process. The lower number of fasteners not only re-
duces weight but also assembly work. The use of
a one-row design results in smaller and lighter steel
connecting rings (Figure 13). Of course, the appli-
cation of a local reinforcement technique may result
in additional manufacturing efforts and costs which
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Figure 13. Hybrid material application on root joint
design

have to be evaluated in relation to the assembly and
weight advantages.

In addition, closed cylindrical configurations have
specific design and manufacturing requirements. In
view of the laminate thickness and configuration, the
suitability of resin infusion or resin injection man-
ufacturing techniques has successfully been demon-
strated experimentally.

6. CONCLUSIONS

CFRP/Titanium hybrid material reinforcement is
expected to be a technology which enables a con-
siderable increase in the coupling efficiency of bolted
joints of highly loaded composite structures. It offers
the following advantages:

• High bearing strength, shear strength and com-
pression strength

• High joint efficiencies of bolted joints

• Low influence of temperature and moisture

• Avoidance of local build-up

• Avoidance of local eccentricities and secondary
stresses

• Reduction of overlap lengths

• Reduced number of bolts, and smaller bolt
lengths

• Smaller and lighter connecting parts

• Simplification of structure geometry

• Reduction of through-the-thickness stresses ex-
cited by shrinkage gradients in thick laminates
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